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Abstract. 

Graphene and carbon nanotubes (CNTs) are of wide interest in materials science due to 

their outstanding properties. Several approaches allow modulating their properties 

further expanding their potential applications in many fields.  

This thesis reports on the functionalization of carbon nanomaterials with nitrogen, 

halides and oxides. The modification of the structure of multiwalled carbon nanotubes 

(MWCNTs) and graphene derivatives has been carried out through solid-gas and solid-

liquid reactions. Different methods of functionalization, which include oxidation, 

nitrogen functionalization and doping, as well as endohedral and exohedral 

modifications have been employed for tuning the properties of the prepared 

nanostructures. A systematic study of the conditions of treatment and an extensive 

characterization has allowed the determination of the structural characteristics of the 

samples and the evaluation of some of their physical and chemical properties. 

In this thesis we propose a simple, efficient and reproducible method for the synthesis 

of nitrogen-containing reduced graphene oxide (RGO). The nature of the nitrogen 

atoms within the RGO lattice has been tuned by ammonolysis treatments of graphene 

oxide (GO) in the range of 25 ˚C-800 ˚C. The reported protocol allows the introduction 

of aliphatic moieties (N-functionalization) and structural nitrogen (N-doping). 

Additionally, the structural composition of the N-containing RGO has been modified by 

post-annealing the material under non-oxidizing atmospheres. High temperature 

treatments induce internal rearrangements, leading to samples with an enhanced 

thermal stability. 

On the other hand, endohedral and exohedral functionalization of MWCNTs with 

inorganic materials have been carried out. We report on the formation of single-layered 

inorganic nanotubes within the cavities of MWCNTs through a molten phase capillary 
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wetting technique. We have optimized the conditions of the synthesis to enhance the 

growth of the single-layered nanotubes, while decreasing the formation of other 

nanostructures (nanoparticles, nanorods and nanosnakes). A new technique for the 

confinement and/or release of the filled substances within the hollow cavity of the 

CNTs has also been developed. We have explored the potential of fullerenes as corking 

agents and as promoting species for the release of guest structures. 

Finally, we have prepared MWCNTs decorated with reduced titanium oxides employing 

high temperature treatments. By oxidation of MWCNTs self-standing titania “nano-

necklaces” are formed. The photocatalytic performance of the carbon supported 

materials overpasses that of the reference material titania P25. 
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Resumen. 

Los materiales compuestos por grafeno y nanotubos de carbono han despertado un 

amplio interés debido a sus propiedades excepcionales. La variación de éstas, 

empleando diversas técnicas de modificación aumentan sus aplicaciones potenciales en 

muchos campos.  

Ésta tesis describe la funcionalización de nanomateriales de carbono con nitrógeno y 

diversos haluros y óxidos. La modificación de la estructura de nanotubos de carbono 

multicapa (MWCNTs) y derivados de grafeno se llevó a cabo mediante reacciones 

sólido-gas y sólido-líquido. Hemos empleado diferentes métodos de funcionalización, 

que incluyen oxidación, funcionalización con nitrógeno y dopaje, así como 

modificaciones de las cavidades internas y superficies externas de los nanotubos de 

carbono, para modular las propiedades de las nanoestructuras preparadas. Mediante 

un estudio sistemático de las condiciones de tratamiento y una exhaustiva 

caracterización se determinaron las características estructurales de las muestras y se 

evaluaron algunas de sus propiedades fisicoquímicas. 

En ésta tesis proponemos un método simple, eficiente y reproducible para la síntesis de 

óxido de grafeno reducido (RGO) modificado con nitrógeno. La naturaleza de los 

átomos de nitrógeno dentro de la red del RGO se ha modulado mediante tratamientos 

de amonolísis de óxido de grafeno (GO) a temperaturas comprendidas entre 25 ˚C y 800 

˚C. El protocolo propuesto permite tanto la introducción de grupos funcionales 

alifáticos (funcionalización con N) como la de nitrógeno estructural (dopaje con N). 

Adicionalmente, la composición estructural de las muestras funcionalizadas y dopadas 

con nitrógeno se modificó mediante tratamientos posteriores empleando altas 

temperaturas y atmosferas no oxidantes. Éstos tratamientos provocan rearreglos 

internos que confieren mayor estabilidad térmica a los materiales. 
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Por otro lado, se llevó a cabo el llenado de las cavidades y la decoración de las 

superficies externas de los MWCNTs con compuestos inorgánicos. Reportamos la 

formación de nanotubos inorgánicos monocapa dentro de los nanotubos de carbon 

empleando una técnica de capilaridad del material laminar en su fase fundida. Además, 

mediante la optimización de los parámetros experimentales conseguimos favorecer el 

crecimiento de éstos sistemas inorgánicos monocapa con respecto la formación de 

otras nanoestructuras, tales como, nanopartículas, nanobarras y nanoserpientes de los 

halogenuros empleados. Hemos descrito una nueva técnica para el aislamiento ó 

liberación de las sustancias previamente introducidas en las cavidades de los MWCNTs. 

Así, exploramos el uso potencial de los fulerenos como agentes aisladores o promotores 

de la liberación de estructuras huéspedes.  

Finalmente, hemos preparado MWCNTs decorados con óxidos de titanio reducidos 

empleando tratamientos a altas temperaturas. Mediante la oxidación de los nanotubos 

se obtuvieron “nanocollares” de titania libres de carbono. Los materiales soportados 

presentan una actividad fotocatalítica superior a la del material de referencia titania 

P25. 
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Chapter 1. 

Introduction. General Objectives and 

motivation. 

This chapter introduces the general aspects of the main carbon-based 

nanomaterials: Graphene, carbon nanotubes and fullerenes. Its structural 

characteristics, physicochemical properties and potential applications are 

briefly described. Finally the general objectives in this thesis are 

presented.
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Carbon is one of the most abundant elements on earth. It has the ability to form a large 

variety of structures, being the main component of the organic compounds and 

interacting with a large amount of inorganic species. Furthermore, it has the possibility 

to interconnect with other carbon atoms through single or multiple bonds (different 

hybridization states), leading to the formation of stable frameworks with varying 

dimensionalities and properties.  

Carbon derivatives are known since prehistoric times. Diamond and graphite, the most 

popular and frequently employed among the known carbon allotropes, have been 

widely studied, its structure solved and its properties exploited. Graphite is known by 

its usefulness in drawing; writing and printing, while the strong covalent bonds present 

in diamond confer it the highest known hardness. Carbon based-materials have played 

a main role in the development of the human society. For this reason, a continuous 

search to obtain them through synthetic routes has been carried out. Additionally, the 

exploration of post-synthesis treatments to improve their properties is of a wide 

interest. First synthetic graphite was produced in 1896[1] and the development of a 

commercial synthetic procedure for obtaining diamonds was registered in 1955.[2] 

Since then, further advances in the discovery and production of new carbon derivatives 

have been carried out.  

In 1985 Kroto and Smalley discovered the particularly stable and symmetric 

buckminsterfullerene structure,[3] opening a door for the production of carbon 

nanostructures. The structure of carbon nanotubes was described in 1991 by Iijima[4] 

and the subsequent isolation and measurement of graphene properties was reported in 

2004 by Geim and Novoselov.[5] Fascinating physical and chemical properties have 

been attributed to these new allotropic forms of carbon and applications in diverse 

fields of the materials science and nanotechnology are constantly reported.[6, 7]  
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 1.1. Graphene. General aspects. 

Graphene is the basic structural parent of all graphitic forms of carbon, being the 

essential building block for a family of nanomaterials strictly composed by carbon 

atoms, which include 1D carbon nanotubes (CNTs) and 0D buckyballs. Besides, the 3D 

structure of graphite results from the stacking of multiple graphene layers linked by 

Van der Waals forces and interactions of the π orbitals of the carbon atoms present in 

adjacent layers (Figure 1.1).[8] Despite that graphene was already theoretically 

described by P. R. Wallace in 1947 (in order to understand the electronic properties of 

graphite),[9] its isolation and experimental properties were not described until 2004 

by Novoselov, Geim et al.[5] Since then it has become one of the most studied solids in 

materials science. 

 
Figure 1.1. Graphitic forms of carbon nanomaterials. Graphene can be wrapped up into 0D 

buckyballs, rolled into 1D nanotube or stacked into 3D graphite. 

Graphene consists of a single-atomic layer of sp2 hybridized carbon atoms which form 

an hexagonal honeycomb structure. The hybridization between one s orbital and two p 

orbitals leads to a trigonal planar structure with each carbon atom linked to three 

equivalent atoms by σ bonds separated by 1.42 Å. The conjugated system is produced 

by the formation of out of plane oriented π bonds due to the covalent interaction of the 

unaffected p orbitals (each of them containing one single electron). The σ band is 

https://en.wikipedia.org/wiki/P._R._Wallace
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responsible for the robustness of the lattice structure, while the half-filled π system, 

formed by the bonding (π) and anti-bonding (π*) bands confers the electronic 

properties to the material.[10] 

The conductive or insulator character of a material is determined by the difference of 

energy between the valence band and the conduction band. The band structure of 

graphene, calculated by Wallace in 1947, can be regarded as two cones, which 

represent the valence (bonding) and conduction (antibonding) bands, touching by a 

single point (Dirac point)and representing the Fermi surface (Figure 1.2(a)). Since the 

valence band and the conduction band touch at this point, graphene is typically labeled 

as a zero-gap semiconductor.[11, 12] Graphene exhibits large surface areas, up to 2600 

m2g-1, high thermal conductivity (ca. 5000 WmK-1), fast charged carrier mobility (ca 

200000 cm2V-1s-1) and strong Young’s modulus (ca. 1 TPa). Its physical and chemical 

properties are associated with the unique energy-band structure and the behavior of 

the electrons in the lattice (Dirac fermions), which can be modified by tailoring the 

electronic structure.[13] 

Although graphene is ideally composed by a single atomic layer, the properties of 

materials containing two or more layers have been extensively studied. Nowadays, 

three different types of graphene-based materials can be defined: single-layer, bi-layer 

and few-layer graphene (≤10 layers). Structures with more than 10 layers are 

considered as thick graphene sheets and are of less scientific interest.  

Graphene can be synthesized by different routes including micromechanical exfoliation 

of bulk graphite, chemical vapor deposition (CVD), arc discharge method, epitaxial 

growth on SiC, chemical and thermal reduction of graphene oxide, as well as liquid 

phase exfoliation and unzipping of CNTs.[14] Micromechanical exfoliation of bulk 

graphite employing scotch-tape was the first successful method reported to obtain high 

quality single layer graphene.[5] This method allows the characterization and 

exploration of the properties of the material, nevertheless the number of exfoliated layers 
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Figure 1.2. (a) Band structure of graphene. The energy band (zoom) of graphene is represented 

like an “intermediate” between the conductive character of metals and the semiconductor 

materials with a small difference between the valence and conductive bands. Reprinted with 

permission from ref. [10] (b) Substitutional doping types. 

cannot be easily controlled and it does not represent an approach for large-scale 

production. For this purpose, both exfoliation of graphite and graphite derivatives by 

chemical or thermal methods and CVD-based processes have been proposed as 

promising approaches. Chemical exfoliation of graphite is carried out employing 

intercalating atomic or molecular species which break the electrostatic interactions 

present between the layers.[15] Liquid phase techniques include dispersion of pure 

graphite in organic solvents such as N-methyl-pyrrolidone,[16] aqueous solutions 

containing surfactants[17] or ionic solvents.[18] However, the main drawback of this 

approach is the presence of an important amount of defects in the structure. On the 

other hand, in order to obtain a successful thermal exfoliation, pre-treatments of 

graphite to produce expanded graphite or the use of graphite intercalation compounds 

are required. Various graphite derivatives, heating sources and temperatures have 

been employed, leading to high quality graphene samples. Finally, to overcome the Van 

der Waals attractions between the graphite layers additional procedures have been 

proposed. Microwave irradiation, electrochemical[19] or supercritical fluids 

exfoliation[20] are promising techniques for the large-scale synthesis of graphene.[21] 

High quality and large-area samples are obtained by CVD, which employs a 
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hydrocarbon gas (as carbon source) flowing through a system containing transition 

metal surfaces like Cu or Ni or metal alloys, where graphene is finally grown.[22] 

Several modifications have been developed to improve the production of graphene by 

CVD, but this method is rather costly and undesired derivatives like carbides or 

amorphous carbon are produced. The approach is interesting though since it allows a 

controlled sized growth of single or few layer graphene and the easy free of damage 

transfer of graphene to other substrates.[23] The arc discharge method and epitaxial 

growth of graphene on silicon carbide produce materials with improved quality, good 

crystallinity and high thermal stability. In the case of the SiC procedure the number of 

layers is temperature dependent; nevertheless, issues like thickness control and large-

scale production have to be solved. The unzipping of CNTs involves the longitudinal 

opening of multiwalled carbon nanotubes (MWCNTs) followed by chemical and thermal 

exfoliation. It offers the possibility of large-scale production with well controlled 

Despite that many routes have been proposed for the synthesis of graphene widths.[15] 

from MWCNTs, the employed method for the production of high quality materials are 

either costly, with a low throughput or require harsh experimental conditions. 

Alternative approaches involving the preparation of size controllable polycyclic 

aromatic hydrocarbons (PAHs, very small two-dimensional graphene fragments) have 

been considered as well.[24] 

Conventional processing techniques cannot be applied to tailor the physicochemical 

behavior of graphene based materials. Pristine graphene layers interact forming 

wrinkles and restacking together through π-π bonding and Van der Waals forces. Due 

to the strong hydrophobic interactions between the layers, graphene is dispersible in a 

limited group of organic solvents and susceptible to aggregation in aqueous 

solvents.[16, 24] Besides, its high chemical stability as well as the zero band-gap reduce 

the potential applicability in electronics, optoelectronics, catalysis or sensors. Many 

efforts have been carried out to modify the electronic structure and intrinsic properties 

of the material. The main approaches include surface functionalization and doping. 
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 1.1.1. Chemical Modification of graphene. 

 1.1.1.1. Functionalization of graphene. 

Functionalization of pristine graphene is usually carried out to obtain a more 

dispersible material[7] in both aqueous and organic media, being the first step for more 

complex reactions. Depending on the employed approach, namely covalent or non-

covalent functionalization, different strategies of synthesis can be employed. 

A typical graphene sheet presents two regions of interest suitable for functionalization. 

The interaction of the planar structure with the reactive specie may occur either at the 

edges or on the surface. The covalent attachment of different moieties (Scheme 1.1) 

causes the transition from sp2 to sp3 hybridization of the atoms involved in the reaction, 

leading to the saturation of a double bond, which modifies the p-system.[25] However, 

atoms along the edges are considerably more reactive than those located on the basal 

plane due to the presence of dangling bonds, vacancies and defect sites, which usually 

consist of O-based functionalities. The formation of tetrahedral sp3 results in a lower 

strain when involves external carbon atoms. The edge modification do not alters the 

band gap in a significant manner because the conjugated π-π system is barely modified. 

 
Scheme 1.1. Chemical functionalization of graphene. Different moieties can be linked to the 

sheet by (a) non-covalent interactions and covalent bonds on (b) the edges and (c) the basal 
plane.  
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Therefore, this approach is usually employed to improve the physical properties of the 

material, as well as a former step for further modifications. The edges enable 

cycloaddition, pericyclic and insertion reactions. The modification of the graphene 

basal plane (c) requires the use of stronger reactives. It allows tuning the optical, 

chemical and mechanical properties of the material. The absence of one or more carbon 

atoms (defects) along the honeycomb system enhances the reactivity of surrounding 

carbon atoms. Thus, the basal plane is responsible for the modification of graphene 

with a variety of chemical species, through p–p interactions or electron transfer 

processes. 

Covalent functionalization of the basal plane of graphene involves the attachment of 

organic moieties, such as free radicals or dienophiles to the pristine graphene layer,[26, 

27] producing different derivatives containing aliphatic and/or aromatic groups[28] 

which can be employed for the formation of nanocomposite graphene based materials. 

Hydrogenation, fluorination, free radical addition and oxidation reactions are well 

documented. The attachment of a wide variety of groups causes the distortion of the 

conjugated system modifying properties like the optical transparency. The oxidation 

reactions are the most usually employed.[29] Oxidized materials can be obtained by 

different approaches including direct oxidation of graphene, lengthwise cutting of CNTs 

and oxidation of graphite. Graphene oxide (GO) is one of the most investigated 

graphene derivatives. It has attracted a wide interest due to its high hydrophilicity and 

excellent water dispersability. Its ability to adsorb on interfaces and lower the surface 

or interfacial tension confers it surfactant properties and it can be employed for the 

emulsification of organic solvents in water.[30] Moreover, its preparation by chemical 

oxidation and exfoliation of graphite, followed by a final reduction step has been 

considered as one of the most promising alternatives for low-cost, large–scale 

production of graphene, or strictly speaking reduced graphene oxide (RGO).[31, 32]  

Non-covalent functionalization of graphene is used to enhance the solubility of the 

material in organic solvents as well as to minimize the stacking effect produced by 
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interlayer attractions. These interactions are governed by electrostatic, induction 

and/or dispersion energies between the decorating moiety and the conjugated system 

which do not produce appreciable distortions in the lattice, maintaining the properties 

of graphene invariable.[26] Non covalent adsorption is usually employed to obtain few 

layered graphene by exfoliation of graphite. For this purpose, solvents with similar 

surface energies to the graphene sheets, surfactants in aqueous media and ball milling 

are useful approaches to obtain individualized sheets. 

Graphene Oxide (GO). 

Considerable efforts have been directed to stablish the chemical structure of GO. The 

complexity of the material, its amorphous character, nonstoichiometric atomic 

composition, along with the limitations in the characterization techniques, make 

difficult the precise assessment of the GO structure. However, many structural models 

have been proposed.[33] From solid state NMR studies, Lerf and Klinowski suggested a 

system composed by epoxy and hydroxyl groups decorating the basal plane of GO, 

while the edges would be functionalized mainly by carboxyl groups. Spectroscopic 

analyses combined with a series of chemical reactions allowed to detect the presence of 

at least two inequivalent alcohol species (mainly tertiary groups) and 1,2-ethers on the 

GO surface.[34] Carboxylic acid groups and ketone groups were present in lower 

quantities. The authors also studied the interactions between water and GO and 

determined the aromatic and/or conjugated character of the double bonds. The 

presence of further derivatives such as 5- and 6-membered lactols on the periphery, 

esters of the tertiary alcohols on the basal plane and quinones has been additionally 

proposed; the latter being responsible of the wrinkling of the platelets.[35] 

Furthermore, due to the complexity of the system, internal transformations (such as 

keto-enol isomerization) in the conjugated lattice might probably occur. The presence 

of polar functionalities increases the hydrophilicity and reactivity of the material. GO 

can be easily dispersed in aqueous media and further derivatized through chemical 
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reactions with the oxygen containing moieties. Properties of the material are closely 

related to the amount of oxygen present. Typically, GO is composed of about 30-40 % of 

oxygen-bearing functionalities, with total content depending on the synthesis 

procedure.  

GO can be prepared by direct oxidation of graphite with strong oxidants such as 

concentrated H2SO4, concentrated HNO3, KMnO4 or mixtures of reactives like Jones’ 

reagent (H2CrO4/H2SO4). Several methods, leading to similar levels of oxidation have 

been also explored by Brodies’, Staudenmaiers’, Offeman’ and Hummers’. Hummers’ 

method is the most widely used and involves the oxidation of graphite followed by 

exhaustive exfoliation. The combination of KMnO4 and concentrated H2SO4 produces 

diamanganese heptoxide (Mn2O7), a strong oxidant when heated at temperatures above 

55 ˚C, that is responsible of the oxidation of graphite.[33]  

Reduction of GO. 

Reduction of GO might restore the electronic properties of the sheets, which is useful 

for application in devices. The chemical and structural characteristics of the reduced GO 

are closely related to the procedure. Controlling the degree of reduction up to the total 

removal of the oxygen based moieties, as well as obtaining RGO free of defects still 

constitute a big challenge. A major obstacle is the partial cleavage of the hexagonal 

framework of in plane C-atoms and the high amount of defects introduced during the 

GO synthesis.[36-38]  

Reduction of GO can be carried out through chemical,[36, 39] thermal, electrochemical, 

microwave and photochemical treatments.[40] The most common chemical treatments 

of GO employ reducing agents such as hydrazine. [32, 41, 42] Other reducing agents 

have been proposed to enhance the electrical properties of the material, to minimize 

the toxicity of the process or to produce RGO functionalized with particular groups.[43-

46] Thermal reduction might be a proper approach to obtain a highly exfoliated sample 
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with a minimum degree of structural defects. Unfortunately, elevated temperatures 

typically above 900 ˚C, are usually required for treatments.[40, 47-49] Finally, 

electrochemical, microwave and photochemical assisted reduction of GO are emerging 

techniques for the removal of the oxygen based moieties from the GO sheets. 

Electrochemical reduction of GO produces high quality samples, it is a low time and low 

power consuming method and avoids the use of harmful chemical agents. However, the 

level of reduction is not comparable with chemical and thermal reductions and large-

scale production is not possible.[50] Photochemical reductions take place by the 

transference of electrons from a catalyst excited by UV irradiation to the GO sheets. The 

interaction of GO with the electron donor improves its response to UV or Visible 

increasing its potential applications.[51, 52] Finally, microwave assisted reactions 

induce rapid and mild thermal reduction of GO. The elimination of O-bearing moieties 

being proportional to the time of exposure.[53] 

 1.1.1.2. Doping of graphene. 

Tailoring the electrical properties of graphene is possible by structural and/or chemical 

modifications of the conjugated lattice. oping has been proposed as an efficient [12] D

approach of modifying the band gap, leading to a metal-semiconductor transition. 

Generally, graphene can be doped by changing the gate voltage (electrical doping) and 

by the interaction with chemical species (chemical doping). The latter tunes the 

bandgap by shifting the Dirac point relative to the Fermi level.  

Chemical doping can be achieved either by interstitial modification, that consists on 

introducing atoms or molecules on the surface of graphene (surface transfer doping, 

STD) and substitutional modification (SUD), where the dopant species are introduced 

into the honeycomb lattice and chemically bonded. Depending on the electrophilic 

character of the dopant specie graphene sheets can suffer n- or p-type modification. In 

case of STD the charge transfer is determined by the relative position of the molecular 

orbitals in the adsorbed molecule and the Fermi level of graphene. When the highest 
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occupied molecular orbital (HOMO) of the dopant is located above the Fermi level the 

dopant will act as a donor of negative charge (n-type); meanwhile if the lowest 

unoccupied molecular orbital (LUMO) is located below the Fermi level the dopant will 

NO2, Br2, and I2, can be adsorbed on graphene act as an electron acceptor (p-type). 

acting as p-type dopants (electron acceptors). On the other hand the interaction with 

ethanol, NH3 or CO causes n-type modifications. Not only small molecules can interact 

with graphene; big organic molecules and metals have been extensively employed for 

this purpose. Otherwise, substitutional doping is governed by the presence/absence of 

valence electrons in the specie replacing carbon atoms from the graphene lattice. p-type 

doping drives the Dirac points of graphene above the Fermi level and it is usually 

obtained by the addition of atoms with few valence electrons as compared with carbon. 

Finally, species like nitrogen, rich in valence electrons lead to substitutional n-doping 

by the displacement of the Dirac point below the Fermi level (Figure 1.2 (b)).  

Heteroatom-doped graphene can be prepared by both, in situ treatments, which include 

CVD, solvothermal and arc discharge reactions or via post synthesis modification, by 

atmospheres with molecules containing thermal annealing or plasma, employing 

heteroatoms. First approach leads to samples homogeneously modified, with the N-

based moieties distributed along the surface of the sheet, while the latter generally 

produce only surface modifications.[25, 54-56]  

Nitrogen (N-) doping of graphene. 

N-doping can effectively tune the work function of graphene, creates a magnetic 

moment and enhances the PL emission. N-doping can be carried out by both chemical 

reactions with graphene (or GO) through the substitution of oxygen (in case of oxidized 

sheets) or carbon atoms with nitrogen during reduction or annealing reactions or in 

situ during graphene growth methods.[26] Reactions of nitrogen sources with sp3 

atoms from the edges lead to the formation of N-functionalized samples maintaining 

the sp2 system unmodified. When the defect sites are located into the basal plane 
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nitrogen can be introduced into the graphene lattice forming three main bonding 

: pyridinic N, pyrrolic N and quaternary N (or graphitic N).  configurations

Nitrogen creates polarization in the network due to the larger electronegativity relative 

The semiconducting properties of N-doped graphene are strongly dependent to carbon. 

on the nitrogen bonding type into the lattice. In graphitic N the nitrogen interactions 

through three sp3 orbitals, one of the lone pair electrons contribute to a p-bond 

p*-state. The final effect is an n-type doping formation and the other is involved in the 

by the contribution of electrons  In contrast, pyridinic and  to the conjugated π-system.

pyrrolic N atoms induce p-doping effects by withdrawing electrons from the graphene 

sheet. 

 1.2. Carbon nanotubes. General aspects. 

The first observation of carbon-based tubular structures was reported back in the 

1950s. Nevertheless, the “official” discovery of CNTs has been attributed to Iijima, who 

in 1991, after analyzing the cathodic soot recovered from arc-evaporation experiments 

reported the presence of ‘‘a new type of finite carbon structure consisting of needle-like 

tubes’’.[4, 6] 

A single walled carbon nanotube (SWCNT) can be visualized as a rolled-up sheet of 

graphene forming a seamless cylinder. Assuming that the sp2 system of the graphene 

layer does not suffer significant modifications after rolling-up, a theoretical SWCNT 

should be considered as a perfectly crystalline structure (defect free). Now, if the 

formation of concentrically rolled-up tubular structures comes from double, triple or few 

layers graphene a multiwalled carbon nanotube (MWCNT) is obtained. Both, single 

walled and multiwalled CNTs are considered as the main 1D carbon based structures, 

having particular and exceptional chemical, mechanical and electrical properties.[6] 
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Figure 1.3. A 2D graphene sheet (left) showing the chiral vector Ch, chiral angle (Ө), and possible 

rolling directions, which origins (a) zigzag, (b) chiral and (c) armchair nanotubes (right). 

SWCNTs have diameter typically between 0.4 nm and 2 nm and their electrical character 

can be metallic or semiconducting, depending on their chirality, which is defined by the 

way in which the graphene sheet is wrapped. Figure 1.3 shows a schematic 

representation of the formation of the different types of SWCNTs. The chiral vector (Ch) 

connects two crystallographically equivalent sites of the layer, and forms an angle (Ө) 

with the zigzag direction. The chiral vector is defined by two integers n and m, which 

represent the number of unit vectors (a and b) along two directions in the honeycomb 

crystal lattice of graphene. Therefore, the vector Ch can be expressed as: 

𝐶ℎ = 𝑛𝑎1 +𝑚𝑎2 

There are two highly symmetric structures, namely zig zag (n = 0; m ≠ 0) and armchair 

nanotubes (n = m ≠ 0). The intermediate structures, formed when 0<Ө<30 are called 

chiral nanotubes. The electronic properties of CNTs are governed by its symmetry and 

therefore depend on the n, m values. Armchair nanotubes have metallic character; on 

the other hand when n-m=3q, with q≠0, nanotubes behave like semiconductors with a 

small gap. Finally, all the other possible structures should be semiconductors with a 

band gap inversely dependent on the nanotube diameter. In conventional synthetic 

processes for SWCNTs, metallic nanotubes account for the 33 % of the sample, the 

remaining being semiconducting.[57, 58] Ideal nanotubes are ballistic conductors due 
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to the 1D confinement of electrons. However, the conductive character is highly 

influenced by the presence of structural defects or impurities.[59, 60] 

MWCNTs have diameters in the 5-100 nm range and interlayer distances of 

approximately 0.34 nm. Both the layers separation and the ABAB... stacking being 

strongly dependent on the symmetry of the tubes.[6] There is a 1/3-2/3 ratio between 

the metallic and semiconducting SWCNTs; thus, it could be expected at least one of the 

walls in MWCNTs having the former character. Due to the weak interactions between 

the concentric nanotubes the electronic properties of an ideal MWCNT would be similar 

to those of perfect SWCNTs. When defects are introduced, five and seven membered 

rings could be present in nanotubes, which confer positive and negative curvatures to 

the structure respectively.  

Physical properties of CNTs have been widely studied. Theoretical calculations predict 

high thermal conductivities (ca. 6600 W m-1.K-1) for an isolated specimen[61] as well as 

low thermal expansion coefficients for defect-free nanotubes.[62] Despite that the 

study of individual nanotubes and the determination of the experimental values is 

challenging, measurements have been carried out for isolated MWCNTs, obtaining 

values greater than 3000 W m-1.K-1. The thermoelectrical properties of CNTs are 

directly dependent on the temperature.[63] CNTs are physically stable and flexible, 

having a Young’s modulus of around 1 TPa[64] and tensile strengths up to 150 GPa.[65] 

With respect to the optical properties, carbon-based sp2 materials are able to absorbe 

light in a wide range of wavelengths due to the presence of the π cloud. Furthermore, 

the metallic character of pure graphite confers reflective properties. Nanotubes are a 

low carrier density system. Since for visible light the free carrier density is inversely 

proportional to the penetration depth, the latter property is rather large for CNTs and 

very thin layers of the material can be transparent. SWCNTs present a chirality 

dependent fluorescence.[66] 
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 1.2.1. Synthesis and purification of carbon nanotubes. 

Synthesis of CNTs is usually carried out following two approaches: “grow-then–place” 

and “grow-in-place” techniques. The first involves the preparation of substrate-free 

CNTs and include arc discharge and laser ablation. Both approaches are based on 

energy transfer between graphite and an external radiation source. Synthesis of 

SWCNTs by arc discharge employs a catalyst (e.g. Fe, Ni or Co) deposited on one of two 

carbon-based electrodes located into a chamber filled with an inert gas (usually He or 

Ar). Finally, the system is subsequently heated by applying an electric current. In the 

case of laser ablation a pellet, containing both the carbon source and the catalyst, is 

heated by a laser source, vaporizing the sample (pulsed laser vaporization, PLV), which 

is condensed into a water–cooled copper collector. The quality, size and type of the 

resulting structures are directly related to the temperature and the laser operation 

conditions.[57, 67, 68]  

Grow-in-place procedures employ thin films of catalyst for the preparation of the 

sample through CVD techniques. Tuning the parameters of growth of CNTs in CVD 

processes, namely atmosphere, carbon source, catalyst and temperature leads to the 

synthesis of nanotubes with different characteristics. Transition metals such as Fe, Ni 

or Co, either as single crystals or nanoparticles are usually employed as catalyst. Its 

interaction with a carbon source (small molecules, e.g. CH4 or C2H4) which decomposes 

by applying an energy source produces the growth of both MWCNTs and SWCNTs. 

Liquid hydrocarbons like benzene, ethanol, etc. and solid hydrocarbons like 

naphthalene and camphor are used as CNT precursors in CVD. Organometallic 

compounds like metallocenes and nickel phtalocyanine have been used as carbon cum-

catalyst sources. Among these, ferrocene is the most commonly reported.[69] The 

decomposition of the carbon source can be carried out by inductive heating (thermal 

CVD) or plasma treatment (PECVD). When selective growth of SWCNTs with a 

controlled diameter is desired, the high pressure CO disproportionation process 
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(HiPCO) is usually considered.[70] Generally, control over diameter, shell number, and 

growth rate of CNTs is efficiently obtained by CVD processes. Table 1.1 summarizes the 

operating conditions, advantages and drawbacks of the most important synthetic 

techniques for the production of CNTs. 

Many approaches have been developed for the synthesis of both MWCNTs and 

SWCNTs; nevertheless none of them is able to produce pure CNTs. In case of CVD 

techniques, aromatic and amorphous carbons, or graphitic polyhedral carbons with 

enclosed metal particles as well as free metal nanoparticles are observed after 

synthesis. Meanwhile, for arc-discharge and laser ablation, the main by-side products 

include fullerenes, amorphous carbon and graphite particles. The amount of impurities 

typically increases with the decrease of the diameter of CNTs.[71] The properties of the 

resulting material are affected by the presence of impurities. Therefore, the 

development of efficient purification techniques has been of a wide interest.[72] The 

methodology employed for the elimination of by-side products depends on their 

chemical nature. In the case of amorphous carbonaceous impurities and fullerenes, the 

oxidation and washing with specific solvents can be employed. On the other hand, free   

Table 1.1. Operational details and characteristics of the most usually employed CNTs synthetic 

procedures.  

Method Operating conditions Advantages Disadvantages 

Arc 
discharge 

[71] 

2000-6000 °C; DC 150 
A.cm-2 

Production of highly crystalline 
structures (SWCNTs, DWCNTs 

and MWCNTs). 

Separation from 
secondary products is 
necessary. Low quality 

and purity. 
Laser 

ablation 
[73] 

Laser pulses 5-500 ns. 
RT to 1200 °C 

High quality and controlled size 
SWCNTs. MWCNTs (1.5-3.5 nm 

diameter, 300 nm length). 

Costly. Not amenable 
for scale-up. 

Thermal 
CVD 

500-1200 °C 
Control of nanotube position. 

Lower temperatures when 
compares with other tech. 

Risk of damaging 
during synthesis. 

PECVD 
[74] 

100-800 °C Lower T than thermal CVD. Defective sample. 

HiPCO [75] 
30-50 atm. 

900-1100 °C 

Large scale production. High 
yield and controlled diameter of 

SWCNTs. 

Metal-based 
impurities. 
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metal particles can be dissolved by using acidic solutions. When metallic nanoparticles 

are contained inside graphitic shells, these must first be released for subsequent 

elimination. Since graphitic particles are highly resistant to oxidation treatments, more 

aggressive approaches are considered. At the same time, the purification technique 

might be carefully chosen to avoid damage of the structure of the nanotubes. Chemical 

and physical approaches have been explored for CNTs purification: 

Purification of carbon nanotubes by chemical oxidation. 

As mentioned, chemical methods are based on the difference in the stability of 

carbonaceous species against the treatment with an oxidant agent. Both the presence of 

a larger amount of functionalities in amorphous carbon and the curved shape of carbon 

nanoparticles (containing 5-atomic rings) make those species more sensitive to 

oxidation. This way, a “selective” reaction occurs in where carbon-based impurities are 

more preferentially oxidized than CNTs. CNTs are highly stable in presence of chemical 

agents, but its structure and especially the tips, which are more reactive, can be affected 

by oxidant treatments. After initial oxidation treatment, acid washing is usually 

required to remove the non-exposed metal catalyst particles. It is also possible to 

employ strong oxidizing acid, such as nitric acid, to simultaneously oxidize both the 

carbon and the metal impurities. Nevertheless the use of such aggressive treatment 

leads to the functionalization of the CNT structure and to an extensive disruption of the 

sp2 conjugated system. CNTs can be purified by gas phase oxidant treatments at high 

temperature (200-800 ˚C) in presence of oxidant agents such air,[76] a mixture of Cl2, 

H2O and HCl,[77] steam,[78] or O2 mixed with other reactants in different ratios.[79-81] 

Additionally, these techniques are useful to open the caps of the nanotubes without 

introducing a large amount of sidewall defects. Gas phase treatments are a good choice 

for samples which contain no metal catalyst or as a first step to remove the graphitic 

particles that sheath the metal catalyst.[72] 
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Steam treatment of CNTs has been reported as a versatile technique for the purification 

of both single and multiwalled CNTs.[78, 82] As a mild oxidant, steam is able to remove 

the carbonaceous material, including graphitic shells that coat the metal nanoparticles 

without affecting the tubular structure of CNTs. The exposed metal nanoparticles can 

be easily removed by subsequent acid treatment. Steam reacts with the closed tips, 

which are the most reactive fraction of the nanotube, maintaining the integrity of the 

walls. In this manner, this technique allows the simultaneous purification and opening 

of the ends. Additionally, the length of the nanotubes can be reduced by controlling the 

time of the steam treatment. Both, opening and shortening of CNTs, are important for 

further applications in a variety of fields including biomedicine,[83, 84] and 

sensing.[83] 

Liquid phase oxidation techniques offer different alternatives to remove both, catalyst 

and carbonaceous material. H2O2, as a mild, inexpensive and green oxidant is able to 

eliminate amorphous carbon with a low consumption of CNTs. Nevertheless, in order to 

remove the metal particles an additional acid treatment is required.[85, 86] 

Microwave-assisted treatments can produce the efficient dissolution of metals 

maintaining the structural integrity of the tubes with short time treatments.[87] 

Methods employing mixtures of acids such as HNO3 and H2SO4,[88] and KMnO4 enhance 

the elimination of side-products, taking advantage of the oxidant character of the MnO4- 

ion;[89] nevertheless, the removal of the MnO2 generated during the oxidation requires 

additional purification steps. HNO3 can efficiently remove amorphous carbon and due 

to its low cost and oxidizing character is the most widely used agent for purification of 

CNTs. The conditions of reaction should be carefully chosen, because strong treatments 

lead to the formation of carbonaceous impurities and oxidation debris. As mentioned, 

liquid phase treatments with strong oxidants usually produce modifications in the 

surface of CNTs. The introduction of aliphatic functionalities by oxidant agents 

increases the chemical activity and dispersability of CNTs in water and polar solvents. 
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These variations could in fact be desired to extend the application of this material in 

areas requiring the modification of the structural or electrical properties.  

Physical purification of carbon nanotubes. 

Physical methods are based on the differences in physical size, aspect ratio, gravity, 

magnetic properties or solubility between the impurities and CNTs. The most 

commonly employed techniques include microfiltration, chromatography, 

electrophoresis, centrifugation and high temperature annealing or laser treatments. 

These procedures do not involve chemical interaction with the sample and therefore 

the risk of CNTs damaging the CNT structure is very low. The major drawback is that 

they are time–consuming and less effective than chemical approaches. Separation by 

filtration takes advantage of both, the difference in size and dispersability to remove 

the undesired species. By employing specific organic solvents, fullerenes and 

polyaromatic carbons can be separated from the sample. A major problem of the 

technique is that the pores of the filtration system can be blocked by large species. 

However, the efficiency of the process can be enhanced by preparing stable CNT 

suspensions with surfactants or by increasing the pressure of the system.[90, 91] 

Chromatographic techniques are useful for collecting CNTs with a given range of length 

which are required for some applications. 

The presence of metal particles employed for the growth of CNTs (catalysts) is in 

general not desired. The elimination of metal nanoparticles that are encapsulated into 

graphitic shells is difficult. Therefore it is necessary to remove first the graphitic 

particles. Free metal nanoparticles can be removed by annealing the sample at very 

high temperature (typically above 1500 ˚C) under non-oxidant atmospheres.[92, 93] 

The temperature of evaporation of metals is usually below that of damaging the CNTs. 

In fact, annealing treatments can enhance the mechanical properties of CNTs by 

removing structural defects along their walls and tips.[94] Purified samples free of 
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catalyst and carbonaceous impurities are in general obtained by combination of 

chemical and physical techniques. 

 1.2.2. Modification of carbon nanotubes. 

As in the case of graphene, modification of the CNT structure is usually necessary for 

practical applications. CNTs and in particular SWCNTs, tend to form bundles and ropes 

due to Van der Waals interactions. Their dispersability in aqueous/polar solvents is 

very poor making difficult the processability of the material. To overcome these 

limitations and also to increase their reactivity, chemical modification arises as an 

interesting approach that provides value in a wide range of areas, from the preparation 

of hybrids to the production of sensors.[6] CNTs can be modified by following four 

different approaches which involve covalent and non-covalent functionalization, 

endohedral filling and external decoration with inorganic materials.  

 1.2.2.1. Functionalization of carbon nanotubes. 

Non-covalent functionalization. 

CNTs can interact with a large variety of compounds able to form π-π interactions. The 

most commonly used protocols to attach the chosen molecules include agitation 

provided by magnetic stirring and ultrasonication, followed by addition of reactives 

with chemical affinity such as N-methylpyrrolidone or phenylethylalcohol, able to 

interact by Van der Waals forces with CNTs.[95]  

The adsorption of surfactants onto the nanotubes sidewalls improves the dispersability 

in water. These species are relatively cheap, commercially available and prevent the 

CNTs aggregation. The simultaneous presence of a hydrophobic tail and a hydrophilic 

head makes surfactants acting like a bridge between nanotubes walls and the aqueous 

bulk solvent (Figure 1.4 (a)), which induces the formation of stable suspensions.[96-
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98] Polymers (b) and biomolecules can also enhance CNTs dispersion in water by its 

reversible anchoring to the sidewalls; the interaction with molecules containing 

aromatic moieties being more strongly favored (c). The main advantage of non-

covalent functionalization is that the integrity of the material is preserved.[99]  

Covalent functionalization. 

Covalent functionalization is based on covalent linkage of functional entities onto the 

nanotube’s carbon scaffold at the termini of the tubes or at their sidewalls. It can be 

carried out through two different approaches: sidewall and defect group 

functionalization. The first one is associated with a change in hybridization from sp2 to 

sp3 and therefore a loss of conjugation. A wide amount of synthetic routes following this 

methodology has been reported in the literature [100] and include halogenation,[101, 

102] cycloaddition[103, 104] and radical-based reactions,[105] among many other 

strategies. Acid treatments (employing HNO3 and H2SO4) are specially employed since 

they simultaneously produce the attachment of O-based functionalities to the sidewalls 

and cutting of the nanotubes.[100] As already mentioned, short CNTs are desired for 

some specific applications. Defect group functionalization takes advantage of the 

structural defects of CNTs such as pentagon and heptagon irregularities in the hexago- 

 
Figure 1.4. Representation of non–covalent interactions of CNTs with (a) surfactant species, (b) 

polymers and (c) aromatic moieties. Some possible strategies for covalent functionalization; 
[100] (d) Filled SWCNTs, (e) C60@SWCNT (“Nanopeapod”) and (f) external decoration of CNTs. 
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nal lattice as well as oxidized areas in the tubular structure (mainly located at the 

tips).[106] When defects are not intrinsically present in the sample, these are generally 

produced through liquid-phase, gas-phase or electrochemical oxidation methods. The 

generation of O-bearing functionalities (mainly carboxylic groups) serves as starting 

point for further derivatization. Despite covalent functionalization induces disruption 

of the conjugated system, the creation of chemically stable bonds is desired for some 

applications and opens up the possibility to modulate the physicochemical properties 

of the CNTs. It can also render the CNTs more reactive against particular species.[107] 

 1.2.2.2. Endohedral functionalization: Encapsulation of materials inside 

CNTs. 

The characteristic cylindrical structure of CNTs gives versatility to these materials for 

diverse functionalization approaches. Endohedral functionalization involves the 

encapsulation of foreign materials into the hollow cavities of CNTs and can be carried 

out either during the synthesis of the nanotubes themselves (in situ)[108] or in a post-

synthesis process through the open tips (ex situ methods). The confinement of specific 

compounds into the empty area can alter the properties of CNTs and can be a useful 

approach to isolate functional molecules from external environments. Besides, the 

confinement into a small area might alter the chemical properties of the guest 

molecules, leading to the formation of new crystalline structures.[109] The filling of 

CNTs has been reported as a potential approach for applications in gas storage,[110, 

111] electrochemical energy storage,[112] battery electrodes,[113] catalysis[114] or 

biomedicine.[84] Since the electrical properties of CNTs can be modified by the 

presence of a guest into the hollow cavities, their potential utility in nanoelectronic 

devices has been recently explored.[115] 

Liquid and vapor-phase methods have been reported to encapsulate materials within 

CNTs; the strategy of synthesis depends on the physicochemical properties and stability 

of the filler.[116] Liquid phase filling can be carried out either by immersing the 
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nanotubes into a solution containing the selected filler or by annealing the mixture at 

temperatures above the melting point (molten phase capillary wetting method) of the 

chosen material. The latter has being widely employed.[117, 118] The exposure of 

SWCNTs and MWCNTs to a metallic vapor leads to the formation of metal nanowires 

[119]and nanoparticles[120] within the cavities of the CNTs (vapor-phase filling). This 

approach not only produces filled CNT, but also CNTs coated with the vaporized 

compound/element can be obtained.  

The simultaneous growth and encapsulation of inorganic materials within CNTs (in situ 

filling) has been proposed as an alternative for the synthesis of filled CNTs. For this 

purpose arc discharge methods in solution employing layered graphene sheets have 

been reported.[121, 122]   

An important factor for achieving a high filling yield is the presence of open ended 

nanotubes. Therefore, before the encapsulation processes the oxidation of the capped 

tips of CNTs is carried out, which can be accomplished by some of the methods 

previously detailed. The morphology, chemical and structural properties of the guests 

can be notably modified when introduced into the hollow cavity. Different 

morphologies have been reported after endohedral functionalization of CNTs. Not only 

1D nanowires of a high amount of inorganic compounds with diverse crystallization 

patterns results from the confinement within the CNTs,[123-126] but also the 

preparation of metallic nanoparticles,[127] inorganic nanoribbons,[128] and recently 

single-layered inorganic nanotubes (SLINTs)[129] encapsulated within CNTs have been 

reported. The wide range of diameters in CNTs (which depends on the number of walls 

and method of synthesis) not only allows the encapsulation of inorganic compounds, 

but also a wide range of organic compounds, such as metallocenes,[130], β-

carotene[131] small proteins and biomolecules,[132] as well as graphene 

derivatives[133] and fullerenes.[134]  
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Fullerenes, also called buckyballs, are composed entirely of carbon arranged in 

hexagonal and pentagonal rings (resembling the classic soccer balls), forming of a 

hollow sphere.[57] The most common C60 molecule consists of an icosahedral structure 

of carbon atoms with sp2 bonding each carbon (joined to three neighbours). Fullerenes 

can be obtained as a secondary product during the PLV synthesis of CNTs. Usually the 

purification processes applied for the elimination of amorphous carbon and graphitic 

particles also removes fullerenes. However C60 has been found inside SWCNTs in the 

form of self-assembled chains[135] even after purification. Filling of SWCNTs with 

fullerenes has been widely explored. Smith, Monthioux and Luzzi reported first studies 

of fullerenes contained into the cavities of CNTs, generally called “nanopeapods”, and 

how the incidence of energy produces the coalescence of the C60 molecules leading to 

the formation of new inner nanostructures.[136] The distance between two C60 

encapsulated into a SWCNT is shorter than that encountered in the C60 crystals, which 

favors their coalescence. This can be induced by thermal annealing or UV radiation 

resulting in pill-shaped, concentric, endohedral capsules.[137] If the proper amount of 

energy is applied to a C60@SWCNT a double walled carbon nanotube (DWCNT) can be 

formed, becoming a new alternative for the selective formation of these 

structures.[138] In this case SWCNTs behaves like a “template” for the growth of a new 

nanomaterial.  

 1.2.2.3.  External decoration with inorganic materials. 

The external decoration of the sidewalls of CNTs with inorganic materials, in particular 

metal-based and semiconductor nanoparticles (NPs), has emerged as a useful approach 

for the preparation of carbon nanotube-inorganic hybrids with enhanced properties 

combining the characteristics of both nanostructures.[139] Decorated CNTs can be 

obtained by either in situ processes or through an ex-situ modification. In the first 

approach CNTs play two simultaneous roles, acting as templates but also contributing 

to the formation of the NPs. The main drawback of this approach is the weak bonding 
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between the CNTs walls and the decorating material, as well as the low control of the 

morphology of the NPs. In situ decoration of CNTs has been carried out through 

electrochemical methods, which not only deposit NPs on the external walls but also 

introduce them into the hollow cavity of CNTs, solution,[121] sol-gel, hydrothermal and 

high temperature treatments through the decomposition of diverse precursors.[140-

142] In the ex-situ preparation of nanotube-inorganic hybrids, the process requires the 

previous synthesis of the NPs and the subsequent decoration on the CNTs sidewalls. 

Despite that the latter approach involves a more complex process; it allows a better 

control of the size and shape of the NPs as well as the formation of stronger 

bonds/interactions with the CNTs. Generally, as synthesized NPs are coated with 

organic shells, which not only prevent the agglomeration of the NPs, but also might 

enhance the interaction with the CNTs surface. NPs can be attached to the CNTs 

through covalent or non-covalent functionalization and a wide amount of species have 

been linked to the sidewalls of the tubular structures.[143, 144] 

Graphene and CNTs-based materials have a wide interest in materials science due to 

their outstanding properties. The modulating of their properties through the diverse 

approaches of modification enhances their potential applications in many fields. In this 

thesis the modification of the structure of graphitic materials is the main purpose. 

Solid-gas and solid-liquid reactions as well as systematic studies of the conditions of 

treatment and stability of the materials are required. Otherwise the use of CNTs as 

template could be an interesting approach for the preparation of different hybrid 

nanostructures, namely 1D inorganic nanotubes, nanorods and nanoparticles contained 

inside the host cavities or attached to the external surface of the nanotubes.  

The main objectives of this thesis are recorded below. 
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 1.3. General objectives. 

 To develop a simple, efficient and reproducible method of synthesis of 

nitrogen-doped reduced graphene oxide. 

 To accomplish a proper assessment of the characteristics of the synthesized 

materials to obtain the unambiguous structural determination of the species 

introduced within the GO lattice and to evaluate the physical and chemical 

properties. 

 To develop an efficient method of synthesis of single-layered inorganic 

nanotubes employing MWCNTs as directing agents for the growing of the 

inner 1D nanostructures.  

 To analyze the effects of the variation in the conditions of synthesis in the 

final content and nature of the encapsulated 1D nanostructures.  

 To synthesize MWCNTs decorated with titanium-based nanoparticles and 

TiO2 nanostructures. 

 To explore the potential applications of the synthesized titanium-based 

materials in the degradation of organic compounds under UV- energy. 



Chapter 2. 

Experimental Methods. 

This chapter describes the synthetic procedures and chemicals employed 

in the preparation of the materials which are the subject of study of this 

thesis. It also details the equipments used for the characterization of the 

samples along with the experimental conditions of the measurements and 

when required, the sample preparation. 
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 2.1. Synthetic procedures. 

 2.1.1. Graphene-based materials. 

Graphene-based materials have been prepared starting from graphite powder (<20 µm, 

Sigma-Aldrich) and graphite flakes (<150 µm, Sigma-Aldrich). In order to obtain a 

reactive precursor for the ammonolysis reactions, namely graphene oxide (GO), both 

powder and flakes were chemically oxidized by a modified Hummer´s method.[29] This 

procedure requires treatment with concentrated H2SO4 (98 %, Panreac) and NaNO3 

(≥99 %, Sigma-Aldrich), followed by the addition of KMnO4 (99 %, Panreac) and H2O2

solutions (35 %, Acros Organics) under controlled conditions of temperature.  

Nitrogen-modified materials were synthesized by annealing GO in the presence of pure 

NH3 gas (Carburos Metálicos, 99.99 %). Additionally Ar (Carburos Metálicos, 99.99 %),

N2 (Carburos Metálicos, 99.99 %)) and a mixture of argon/hydrogen (Ar/H2, Carburos

Metálicos, 99.99 %) were employed for the reduction of graphene derivatives.  

 2.1.2. Ammonolysis and high temperature treatments under inert 
atmospheres. 

Nitrogen-containing samples have been prepared by reactions at temperatures 

between 25 °C and 800 °C, variable times (10-300 min) and flow rates (100-600 

mL.min-1). Flowmeters were calibrated in normal conditions. In all cases, when one 

parameter was modified, the others were kept constant. Figure 2.1 (a) shows the 

employed ammonolysis system. Due to the high toxicity and reactivity of ammonia, the 

system must be rigorously checked for possible leaking. NH3 begins to dissociate

appreciably into N2 and H2 at temperatures higher than 500 ˚C. However the

dissociation of NH3 is slow and the proportion of NH3, N2 and H2 can be controlled by the
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Figure 2.1. (a) Ammonolysis system employed for the preparation of nitrogen-modified 

materials. (b) Purification system employed for the elimination of amorphous carbon and 

graphitic particles from CNT samples. 

flow rate.[145] High flow rates decrease significantly the NH3 dissociation and should 

be used at high temperatures.   

The GO samples treated in NH3 were subsequently annealed at temperatures between 

500 °C and 1050 °C under different atmospheres (Ar, N2, and Ar/H2). All reactions were 

carried out in tubular furnaces, which were previously purged with the corresponding 

gas at a flowing rate of 150 mL.min-1, in order to eliminate the oxygen present in the 

system. Samples were previously dried, ground in an agate mortar and pestle, and 

spread into a sintered alumina boat (Al2O3, 99.7 %, ALSINT, Keratec).  

 2.1.3. Purification of multiwalled carbon nanotubes. 

MWCNTs used for the synthesis of inorganic-modified nanostructures were grown by 

chemical vapor deposition and have been provided as a dry powder by Thomas Swan & 

Co. Ltd. Elicarb®. In order to remove the unwanted carbonaceous material and the 

remaining catalyst present in the sample, MWCNTs were previously treated during 2-5 

h under steam, generated by constant heating of water. A continuous 190 mL.min-1 Ar 

flow was employed to have an oxygen free system (Figure 2.1 (b)). The sample was 
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subsequently treated at 110 °C during 6 h with a 6 M acid solution prepared by diluting 

HCl (37 %, Panreac) in distilled water and collected by filtration over polycarbonate 

membranes (0.2 µm, Whatman).[146] The sample was washed with water until the pH 

of the filtrate was neutral and dried overnight at 60 °C. 

 2.1.4. Synthesis of carbon nanotubes-inorganic nanostructures. 

 2.1.4.1. Filling and decoration of multiwalled carbon nanotubes. 

Previously purified MWCNTs have been employed for the preparation of hybrid 

materials with selected inorganic compounds. Samples were synthesized by high 

temperature solid-state reactions of CNTs with fullerenes (C60, 99.5 %, SES research), 

PbI2 (99.99 %, Stream Chemicals), ZnI2 (99.99 %, Sigma-Aldrich), CeI3 (99.99 %, Sigma-

Aldrich), CeCl3 (≥99.99 %, Sigma-Aldrich) and TiCl2 (99.98 %, Sigma-Aldrich). As the 

inorganic halides employed for filling the nanotubes are highly reactive to air, handling 

of samples was performed under an argon-filled glove box (Labconco 50700). MWCNTs 

and the chosen inorganic salt were ground together with an agate mortar and pestle 

until the mixture showed a uniform color. The powder was then transferred into an 

ampoule of amorphous silica (Ø=10 mm), evacuated during 30 min and sealed under 

vacuum (10-5 mbar). Afterwards, the system was placed into a furnace where it dwelled 

(6-48 h) at temperatures ranged between 400 °C and 1060 °C. The temperatures of 

treatment have been selected considering both the melting points and the 

decomposition temperatures of the inorganic salts.[129] In case of filling with 

fullerenes the treatment temperature was chosen taking into account the sublimation 

point of the material.[147, 148] The heating/cooling rates were also modified 

depending on the material, in order to obtain different crystalline structures. After the 

treatment was completed the resulting samples were kept in a glove box. Due to the 

extreme sensitivity of TiCl2 in air, the silica ampoules were previously annealed at 800 

°C to eliminate the presence of hydroxyl groups. Furthermore, a metallic titanium foil 
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(0.25 mm thickness, ca. 5 cm2 area) was used to capture the excess of oxygen remaining 

into the silica tube. 

In order to modify the oxidation state of titanium in the nanoparticles the decorated 

MWCNTs were subsequently annealed. For this purpose the samples were spread into 

sintered Al2O3 boats inside an alumina furnace tube and were treated in an oxidizing 

atmosphere (O2, flowing at 165 mL.min-1. Temperatures between 200 °C and 450 °C 

were employed for the treatment.  

 2.1.5. Washing and removal of the inorganic material after 

synthesis. 

In order to remove the inorganic material after the annealing treatments, the samples 

were dispersed in different solvents by sonication, and were subsequently heated 

during 16-24 h. After washing, the samples were recovered by filtration under vacuum, 

rinsed and dried overnight at 60 °C.  

 2.1.6. Photochemical activity of titanium oxide-multiwalled carbon 

nanotube derivatives. 

The catalytic activity of the titanium oxide-multiwalled carbon nanotube derivatives 

was evaluated by measuring the degradation of methyl orange (MO, 85 %, Sigma 

Aldrich) at room temperature. For this purpose, aqueous solutions of the organic 

compound (MO) were prepared in concentrations ranged between 0.5 mg.mL-1 and 1 

mg.mL-1. Afterwards the synthesized materials were added to the solutions (0.5-1 

mg.mL-1) and the mixtures were kept in a dark box and magnetically stirred overnight 

to allow the adsorption-desorption equilibrium to be reached. Subsequently, the 

solutions were irradiated with UV light provided by a 30 W Vilbert Lourmat lamp (7 

mW.cm-2) with a light filter to cut off the light at 365 nm The lamp was located at ca. 25 

cm from the sample, until the complete disappearance of the color was observed. 
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The evolution of the reaction was followed using UV-Vis spectroscopy, by measuring 

the concentration of the dye at different time points. The first aliquot was taken out at 

the end of the dark adsorption period (just before the UV light was turned on), in order 

to determine the MO concentration in solution, which was hereafter considered as the 

initial concentration (C0). Aliquots (5 mL) were then collected regularly from the 

reactor and immediately centrifuged to separate any suspended solid. The clean 

transparent solution was analyzed. 

 2.2. Characterization techniques. 

 2.2.1. Electron microscopy. 

The morphology of graphene-based materials and inorganic modified MWCNTs has 

been studied by transmission electron microscopy (TEM), high resolution transmission 

electron microscopy (HRTEM), high-angle annular dark field (HAADF) imaging, high 

resolution scanning transmission electron microscopy (STEM) and scanning electron 

microscopy (SEM). Additionally, atomic force microscopic (AFM) measurements and 

selected area electron diffraction (SAED) patterns have been carried out to determine 

the number of layers present in the graphene samples.  

TEM Images and SAED Patterns were obtained using a JEOL 1210 Microscope, 

operating at 120 kV. HRTEM, HAADF and STEM were carried out in a FEI, TECNAI G2 

F20 Microscope operated at 200 kV. AFM images were recorded using an INOVA Bruker 

in tapping mode and SEM imaging was acquired using a Quanta FEI 200 ESEM FEG 

microscope, operating at 10.0 kV.  

Preparation of the samples: Samples for TEM, HRTEM, SEM, HAADF and STEM analyses 

were prepared dispersing by sonication a small amount of the powder in anhydrous 

hexane (95 %, Sigma-Aldrich,). Afterwards, the solution was placed dropwise onto a 
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lacey carbon support grid and let to dry. In some cases, due to the hydrophilicity of 

some of the samples, absolute ethanol (max 0.02%, water Panreac) was employed as 

solvent. In case of AFM studies, graphene samples were sonicated in a 1:1 

ethanol:water mixture, followed by centrifugation at 5000 rpm. A highly diluted 

dispersion was obtained, which was subsequently dropcasted on a cleaned Silicon 

substrate. 

 2.2.2. Elemental analysis. 

Elemental analyses (EA) were employed for the determination of carbon, nitrogen, 

hydrogen and sulfur contents in the N-containing materials prepared by ammonolysis 

treatments. The data were recorded by the combustion of ca. 1 mg of sample placed on 

a Thermo Scientific™ FLASH 2000 Series CHNS Analyzer using a Metler Toledo MX5 

microbalance.  

 2.2.3. Thermogravimetric analysis. 

Thermogravimetric analyses (TGA) were performed on a Netzsch STA 449 F1 Jupiter® 

instrument. An alumina crucible, containing the sample (1-5 mg), was placed into a 

microbalance at room temperature and the treated under flowing synthetic air or 

oxygen up to temperatures of 800-1400 ˚C using a heating rate of 10 °C.min-1, until the 

total combustion of the sample. The variation in the weight of the sample was 

registered in function of the temperature. The final temperature of the heating program 

was selected depending on the analyzed sample. In some cases the program was 

stopped before the total combustion of the sample in order to analyze the intermediate 

species produced during the oxidation.  



2.2. Characterization techniques 

 

 

37 

 2.2.4. X-Ray Diffraction. 

X-ray diffraction (XRD) was carried out in order to identify the phase composition of 

the nanoparticles grown on the external walls of the nanotubes, as well as to study the 

evolution of these nanostructures after subsequent thermal treatments.  

Diffraction patterns were obtained in a Rigaku Rotaflex RU-200B diffractometer (Kα Cu, 

λ=1.5418 Å). 2Ө values were acquired at 0.02 ˚ intervals between 5 ˚ and 90 ˚. XRD of air 

sensitive samples was recorded by protecting the sample with a Kapton® film. 

 2.2.5. Contact angle measurements. 

Surface wettability measurements of the graphene-based samples were carried out in a 

DSA100 Contact Angle Measuring System (Krüss) by the sessile drop method. Contact 

angle measurements (CA) were recorded after dropping 5 µL of water directly into a 

compact and dried film of the sample. This film was prepared by sonication of 5 mg of 

sample in 5 mL of water; subsequently the dispersion was deposited by vacuum 

filtration onto a 0.2 µm polycarbonate membrane. After drying, the membrane 

containing the solid sample was glued to a glass slide with double-sided tape. 

Measurements were carried out in at least three different areas of the film, and the final 

average value was provided. 

 2.2.6. Fourier transform-infrared spectroscopy. 

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded in 

transmission mode on a Perkin-Elmer Spectrum One in the rage of energies of 450 to 

4000 cm-1. The samples were prepared by dropping a dispersion of the material in 2-

propanol dispersions (ca. 10 mg.mL-1) onto a preheated ZnSe disks (2 mm thickness, 70 

°C).[78]  
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 2.2.7. Ultraviolet-visible spectroscopy. 

For ultraviolet-visible (UV-Vis) spectroscopic measurements a Varian Cary 5 

spectrophotometer with an operational range of 200 nm was employed. Samples were 

prepared by sonication of 1 mg of powder in 5 mL of a 1:1 ethanol-water mixture. 

Afterwards, the dispersions were centrifuged at 4500 rpm during 15 min. Analyses 

were carried out in absorbance mode using 1 cm quartz cuvettes, and dispersions were 

analyzed before and after centrifugation.  

In case of the evaluation of the titanium oxide-multiwalled carbon nanotube derivatives 

the spectrum for each sample was recorded in the 200-800 nm range. The absorbance 

was determined at the characteristic wavelength 660 nm for each degraded MO 

solution. The concentration of the dye in the solution was determined employing a 

calibration curve previously obtained from absorbance data recorded from MO 

solutions with known concentration. 

 2.2.8. X-ray photoelectron spectroscopy. 

X-ray photoelectron spectroscopic (XPS) analyses were recorded in a Kratos AXIS ultra 

DLD spectrometer using monochromatic Al Kα. All samples were introduced in the 

preparation chamber as a powder placed onto the same substrate (Cu) to maintain the 

analysis conditions invariable. The general survey scans and high resolution spectra of 

C1s, O1s and N1s regions were registered. 

 2.2.9. Raman spectroscopy. 

Raman spectra were recorded using a Horiba Jobin Yvon operating at 532 nm and using 

100× objective. Acquisition time was set to 30 s and laser power to 0.5 mW. Spectra 

were recorded from different spots of the samples prepared by dropping 2-propanol 

dispersions onto preheated microscope slides. 
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Chapter 3. 

Tuning the nature of nitrogen atoms in 

N-containing reduced graphene oxide. 

This chapter describes the synthesis and characterization of N-containing 

reduced graphene oxide. In order to prepare samples with different degree 

of functionalization and doping and tune the nature of the nitrogen atoms, 

a gas phase reaction of graphene oxide and ammonia was carried out 

under different experimental conditions. 
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 3.1. Introduction. 

Graphene, the main building block of all graphitic materials (which include carbon 

nanotubes and fullerenes), has recently attracted a great interest due its promising 

applications in important fields such as batteries, sensors, and biomedicine.[149] Its 

structure, a monolayer of sp2 hybridized carbon atoms packed into a 2-D honeycomb 

lattice, confers it extraordinary physical, electrical and mechanical properties, including 

high electrical mobility, chemical and thermal stability and high surface area.[8, 150] 

Many approaches have been explored to tune these properties and further expand the 

range of applications. Chemical functionalization and doping are an efficient way to 

tailor the physical and chemical behavior of materials.[13, 151] In this context, N-

doping is an interesting approach since allows n-type doping[55] and improves its 

performance in electrocatalysis,[152, 153] supercapacitors,[154] sensors[155] or as 

magnetic material.[156, 157] Different methods have been explored to introduce 

nitrogen either (i) during the synthesis of the graphene sheets (in situ approach) via 

CVD[158] and arc discharge,[159] or (ii) via a post synthesis modification. The majority 

of post synthesis doping strategies usually employ graphene oxide (GO) as starting 

material. GO has been doped in the presence of ammonia at high temperature,[160] by 

means of plasma treatment,[161] and under hydrothermal conditions with aqueous 

ammonia [162] and hydrazine.[163] The latest has been extensively employed for the 

preparation of reduced graphene oxide (RGO), however in terms of doping the 

hydrazine approach does not exceeds ca. 5 % of nitrogen. The amount of nitrogen and 

level of reduction achieved by each particular method determines the electrical and 

conducting properties of the resulting material,[55] depending not only on the chosen 

technique but also on the experimental conditions employed.  

In the continuous race to achieve the highest possible amount of N-doping,[164] the 

nature of the resulting nitrogen atoms is sometimes overlooked. X-ray photoelectron 

spectroscopy (XPS) is the most widely employed technique to characterize the resulting 
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materials. Despite XPS provides information on the nitrogen environment it cannot 

unambiguously discern between N-bearing aliphatic functionalities and N-doping.[165] 

Therefore there is a growing tendency to assume that all nitrogen species are 

incorporated within the graphene lattice (doping). To obtain a proper assessment of 

the type of nitrogen present in the samples, a toolbox of characterization techniques is 

proposed. The characterization not only includes the most commonly employed 

techniques for the determination of functional groups (X-ray photoelectron 

spectroscopy (XPS), fourier transform infrared (FT-IR) and ultraviolet-visible (UV-Vis) 

spectroscopies), but also benefits from other methods that are not typically used for 

this purpose: Thermogravimetric analysis (TGA), contact angle (CA) measurements and 

the degree of dispersability.  

Thermally stable graphene is of interest as a reinforcing material in components 

exposed at elevated temperatures and friction, and to prepare catalysts with 

applications in fuel cells. It has been reported that N-doping reduces the presence of 

easily oxidizable defects, which are unstable under fuel cell operation.[166, 167] We 

have investigated the effect of the presence of nitrogen within the structure of 

graphene-based samples in the thermal stability against oxidation by air. A 

thermodynamic approach has been employed to compare the combustion reaction of 

nitrogen in different coordination environments (pyridine, pyrrole and graphitic) with 

a graphene fragment (undoped).  
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 3.2. Objectives. 

 To synthesize N-containing RGO by gas phase treatments of GO with 

ammonia. 

 To determine the influence of the treatment conditions in the final nitrogen 

content. 

 To assess the species present in the modified GO lattice.  

 To analyze the thermal behavior of the samples against its oxidation by air, as 

well as the influence of the presence of N-containing functionalities in the 

physical and chemical properties of the material. 

 To determine the thermal stabilities of the specific N-bearing moieties present 

in the N-containing RGO. 
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 3.3. Synthesis of N-containing reduced graphene oxide. 

 3.3.1. Synthesis and Characterization of graphene oxide.  

GO was synthesized by a modified Hummer’s method as starting material for the 

preparation of RGO and N-containing RGO. Both graphite powder and graphite flakes 

(<20 µm and <150 µm, respectively) were employed for the synthesis. 115 mL of 

concentrated H2SO4, 5 g of graphite and 2.5 g of NaNO3 were mixed together, 

maintaining the temperature under 0 °C. Afterwards 15 g of KMnO4 were added slowly 

(in order to keep the temperature below 20 °C) and the reaction mixture was warmed 

up to 35 °C and stirred for 30 min. After cooling down to room temperature, 230 mL of 

distilled water were added maintaining the reaction temperature at 98 °C for 2 h. Then 

additional water (1 L) and 5 mL of 30 % H2O2 solution were added to the mixture to 

solubilize the manganese salts. Finally, the brownish content was air cooled and 

purified washing with distilled water, followed by centrifugation until the pH of the 

solution was neutral. Figure 3.1 shows a schematic representation of the employed 

procedure. 

 
Figure 3.1. Synthetic procedure employed to prepare graphene oxide by chemical oxidation of 
graphite powder. 
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In order to determine the composition and morphology of the synthesized materials, 

the samples were characterized using TGA, TEM, SEM and XPS. Figure 3.2 shows a 

comparison of TGA results of GO prepared from graphite powder (black line) and 

graphite flakes (red line).1 Visual inspection of the TGA reveals an initial continuous 

weight before the first remarkable event at ca. 200 °C for both materials. This 

continuous weight loss can be attributed to absorbed atmospheric species, typically 

water, being already an indication of the hydrophilicity of the samples. As it has been 

previously reported[168] O-bearing functionalities (mainly carboxylic and lactone 

groups) starts decomposing at temperatures around 250 °C, which is also in agreement 

with the event at 220 °C (36 wt. % and 25 wt. % for graphitic powder and flakes 

respectively).  This temperature was therefore selected for subsequent experiments un- 

 
Figure 3.2. Thermogravimetric analysis of GO prepared from graphite powder <20 µm (S, 

continuous line) and GO prepared from graphite flakes <150 µm (L, dashed line). Analyses were 

performed under flowing air at a heating rate of 10 °C.min-1. 

                                                                 

1 According to the particle size of the starting graphite, we will refer to these GO samples as S, for 

small (20 µm) and L, for large (150 µm) respectively. 
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der ammonia, rather than 200 °C, as it will be presented later (Section 3.3.2). The 

complete combustion of the sample S takes place at about 490 °C and mainly includes 

hydroxylic groups and carbon oxidation. TGA of the sample L shows an additional 

weight loss. We suggest that this additional event could arise from incompletely 

oxidized flakes, due to the large particle size of the starting material. This was 

confirmed by TEM analysis of a sample of L under air during 6 h at 550 °C. 

Microscopic analysis is useful to evaluate the morphology of the samples (Figure 3.3 

(a-b)). The dimensions of the oxidized sheets were measured from ca. 140 SEM images 

of GO prepared from both sources of graphite. In case of S (GO) prepared from graphite 

 
Figure 3.3. SEM images of GO samples prepared from (a) graphite powder (S) and (b) graphite 

flakes (L). The distribution of sizes of both (c) S and (d) L was determined by measuring the 

acquired images. 
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with the smaller size of particle), the oxidation of the sample led to GO sheets with a 

mean area of 3.6 µm2. Meanwhile, when the material prepared from the larger graphite 

flakes (L) was measured, the flakes showed a mean area of 17.9 µm2. In both cases the 

distribution of the size of the particles was quite homogeneous. A ca. 69 % of the 

evaluated specimens in S did not exceed the 3.5 µm2 (c), while the higher amount of the 

observed L sheets had areas between 1 µm2 and 20 µm2 (87 %, (d)). However, the 

larger sized (<120 µm2) in L particles may correspond to the material whose oxidation 

was not complete during the synthesis. 

Figure 3.4 (a) shows the TEM image of a specimen from the GO sample (S). The SAED 

pattern (b) shows well defined diffraction spots, confirming the graphitic crystalline 

structure of the synthesized material, which corresponds to the (100) and (110) planes 

(d-spacing = 2.12 Å and 1.23 Å) respectively.[169] The higher intensity observed for the 

inner diffraction spots (twice the intensity of the outer ones) is in agreement with the 

presence of single-layered GO.[169] 

High resolution XPS were next acquired to confirm the presence and analyze the 

distribution of the O-bearing functionalities (structural defects) present in the samples. 

Figure 3.5 shows XPS of sample S. Peaks ranged 282-292 eV and 530-536 eV 

correspond to the C1s and O1s binding energies (BE) respectively. Analysis of the C1s and 

 
Figure 3.4. (a) TEM image of GO (S) with the corresponding (b) SAED pattern and (c) line 

profile. 
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Figure 3.5. (a) C1s and (b) O1s high resolution XPS of GO (S) prepared by a modified Hummer’s 

method.  

O1s spectrum reveals that the synthetic procedure creates different oxidized groups (R-

O-, R2C=O and RCOO-) with a predominant presence of carbonylic groups, corresponding 

respectively to a 43.9 at. % and 78.0 at. % of the total area of C1s (BE=287.1-288.6 eV) 

and O1s (BE=532.9-534.0 eV) deconvoluted spectra.  

 3.3.2. Ammonolysis treatments. Influence of the conditions of 
reaction.  

N-containing RGO samples2[170] were synthesized by thermal annealing of GO under a 

continuous flow of pure ammonia gas. We will refer to this set of samples as SNR and 

LNR depending on the starting GO, S or L. Ammonolysis was performed at 

                                                                 

2 Following the nomenclature proposed by Bianco et al. reduced graphene oxide refers to samples of 
graphene oxide that have been processed to reduce its oxygen content. This definition includes both, 
N-doping and substitution of oxygen-moieties by nitrogen. Therefore to discern between structural 

nitrogen-doping and N-aliphatic groups, samples are referred as N-doped RGO and N-functionalized 

 RGO respectively.
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temperatures ranged between 25 °C and 800 °C. Taking into account that significant 

NH3 decomposition begins at ca. 500 °C, being important at 700 °C (e.g. above 40 % for 

a flow rate of 60 mL min-1),[171] higher temperatures of treatment were not 

considered for this study. 

Figure 3.6 summarizes the nitrogen content of the synthesized samples, as determined 

by elemental analyses (purple triangles). In order to determine the influence of the time 

of treatment and flow of ammonia in the final nitrogen content these parameters were 

also modified. Experiments using flow rates between 100 mL.min-1 and 600 mL.min-1 

and times of treatments between 10 min and 300 min were carried out.  Analysis of 

these results reveals that whereas the temperature plays a major role and allows tuning 

the nitrogen content between 4.8 wt. % (T = 25 °C) and 14.6 wt. % (T = 220 °C), both 

the time of treatment and the ammonia flow rate have a minor effect on the nitrogen 

content, with differences below 0.5 wt. % N between samples. These values actually lie 

within the range of the experimental error. After annealing the samples at different times 

 
Figure 3.6. Nitrogen content in N-containing RGO samples prepared by annealing GO in NH3 

atmosphere. The rhombus corresponds to a sample of RGO-treated in NH3 (sample name: 
SR1050). (a) Effect of temperature (flow rateNH3= 300 mL.min-1; time = 60 min), (b) role of the 

time (T = 500 °C; flowNH3 = 300 mL.min-1) and flow rate (T = 800 °C; time = 60 min). (c) Nitrogen 

content of the ammonia-treated GO prepared from 20 µm graphite powder (black line, SNR) and 

150 µm graphite flakes (red line, LNR). 
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(keeping temperature (500 °C) and gas flow rate constant (300 mL.min-1)), the highest 

N content 13.0 (3) wt. % was achieved after 10 min, similar to that obtained after 1 

hour (12.5 wt. %); however, subsequent treatments were performed for 60 min to 

reach a stable equilibrium temperature.[172] Furthermore, an additional treatment 

was done in order to evaluate the influence that the O-bearing functionalities present in 

the starting sample have on the final content of nitrogen introduced after the NH3 

treatment. A sample, previously reduced by annealing S at 1050 °C during 2 h under 

treated under NH3 at the same conditions (500 °C, Ar/H2 atmosphere (RGO),[172] was 

empty rhombus). Elemental analysis confirms the absence of nitrogen in the ammonia 

treated RGO sample (SR1050, Table 3.1), stressing the importance of having O-bearing 

functionalities in the graphene structure for an efficient incorporation of nitrogen in the 

sample. There is no linear correlation between the temperature of treatment and the 

amount of nitrogen introduced in the samples. An initial increase in the nitrogen 

content is observed at low temperature treatments, reaching its maximum for the 220 

°C NH3 treated sample (SNR220). Afterwards, nitrogen content shows a continuous 

decrease when increasing the temperature of treatment up to 800 °C (7.7 wt. %). This is 

in agreement with the report of Dai et al. where a decrease of the nitrogen content was 

observed when the temperature of treatment was increased from 500 °C to 800 °C. 

Despite that a similar trend is observed, the use of pure NH3 gas allows the introduction 

Table 3.1. Composition of C, N and H present in GO and ammonia-treated samples determined 

by elemental analysis. 
Sample C (wt. %) N (wt. %) H (wt. %) 

Graphene Oxide (S) 48.0 <0.2 2 
SNR25 54.5 4.8 2 

SNR100 53.6 10 2.4 
SNR220 68.1 14.7 1.4 
SNR300 74.8 13.6 0.8 
SNR400 78.1 13.3 0.7 
SNR500 80.9 12.5 0.6 
SNR600 83.3 11.8 0.4 
SNR700 84.5 10.2 0.4 
SNR800 85.7 7.7 0.4 
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of a higher amount of nitrogen into the lattice at 500 °C (ca. 13 wt. %), as compared to 

treatments at the same temperature under mixtures NH3 (NH3/Ar, 10 % of NH3) as per 

the work of Dai.[160]  

The effect of the size of the starting graphite in the final content of nitrogen was next 

investigated by ammonolysis of L at 100 °C, 220 °C, 500 °C and 800 °C (LNR samples). 

Figure 3.6 Despite the fact that LNR  (c) compares the N content of both SNR and LNR. 

(red line) follows a similar than the SNR samples (black line), the final nitrogen content 

is significantly higher when the GO employed comes from smaller particles of graphite. 

As shown in TGA of the GO samples, there is an important difference in the amount of 

defects generated after the oxidation of L and S. The presence of a higher amount of 

reactive sites in S produces an increase in the final nitrogen content.  

Figure 3.7 (a-b) shows a SEM and a TEM image of the 500 °C NH3 treated sample 

(SNR500). The area of the SNR500 sheets was measured from SEM images and the 

resulting distribution of sizes is presented as inset. The mean area of SNR500 (1.3 µm2) 

was found to be smaller than that of S (3.6 µm2, Figure 3.3) indicating the fracture of the 

 
Figure 3.7. (a) SEM, (b), TEM, (c) HR-TEM and (d) AFM of nitrogen-containing samples prepared 

from S at 500 °C (SNR500). The inset in (a) shows the size distribution of the obtained sheets.  
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sheets through the more defective sites during the ammonolysis. When HRTEM imaging 

was carried out, particles containing few layers were observed (<10 layers, Figure 3.7 

(c)). AFM also allows the determination of the number of graphene layers present in 

flakes of a given sample. A representative AFM image of RGO prepared at 500 °C under 

NH3 (SNR500) is shown in Figure 3.7 (d). Taking into account that single-layered 

graphene has been reported to have a height of 0.661 nm by AFM,[162] and that the 

distance between two consecutive layers in graphite is 0.34 nm, the 2.4 nm height 

recorded in the sample (e) would correspond to about 5 layers. 

FT-IR spectroscopy is a useful tool to identify the nature of the different functionalities 

present in both, S and the ammonia treated samples. Figure 3.8 shows the recorded 

spectra for the samples prepared at 100 °C, 220 °C, 600 °C and 800 °C). S spectrum 

(black line) shows the characteristic bands present in oxidized derivatives of 

graphite,[173, 174] illustrating the presence of free O-H groups (νO-H 3000-3700 cm-1) 

which can arise from either absorbed water or from the stretching vibrations of phenol 

and hydroxyl groups when carboxylate moieties (C=O band at νC=O 1723 cm-1) are 

present. Additionally, the C=C signal (νC=C 1585 cm-1, from the conjugated structure), C- 

O stretching (νC-O 1220 cm-1) and O-H bending  (νO-H 1120 cm-1) signals, originated by 

hydroxyl groups closely linked to the structure are also present.[175]. Significant 

changes in the intensity and position of the bands are evident after the ammonolysis 

treatment. There is a decrease in both, free and linked O-H signals, upon increasing the 

treatment temperature. Moreover, following the same trend, there is a decrease in the 

C=O/C=C intensity ratio. The elimination of C=O containing groups becomes evident 

with the sample treated at 600 °C implying the restoration of the conjugated structure. 

A new band around 1074 cm-1 appears in the low temperature treated samples (100 °C 

and 220 °C) corresponding to the C-N stretching of aliphatic amines. Taking into 

account that the signal originated by the carbonyl groups (νC=O 1723 cm-1) is still clearly 

visible in both of these samples, the presence of amide groups is also considered. The C- 

N band becomes weaker when increasing the treatment temperature, suggesting that the 
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Figure 3.8. FT-IR of GO (S) and ammonia-treated GO (SNR samples) at temperatures ranged 

between 100 °C and 800 °C. 

nitrogen atoms are no longer part of aliphatic functionalities, but rather incorporated 

within the graphene lattice. On the other hand, a triplet ca. 2900 cm-1 is clearly visible 

in the FT-IR spectra of S, SNR100 and SNR220. Bands in this area can either correspond 

to an spectral artefact,[176] or originate from C-H stretching vibration. In this case, a 

decrease of intensity is observed for the samples treated at high temperature, in 

agreement with the hydrogen contents determined by elemental analyses (2 wt.% in S; 

2.4 wt.% at 100 °C; 1.4 wt. % at 220 °C; 0.4 wt. % at 600 °C and 800 °C; see Table 3.1). 

Therefore the band at ca. 2900 cm-1 is assigned to C-H bonds, easily correlated to the 

presence of oxygen and nitrogen-bearing functionalities in S and the low temperature 

ammonia treated samples. 

Thermogravimetric analyses were carried out to assess the role of the functional 

groups detected by FT-IR with the thermal oxidation behavior of the samples (Figure 

3.9). For the samples treated in ammonia at low temperature (25 °C-400 °C) the weight 

losses observed at temperatures below ca. 200 °C should correspond to either absorbed 
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water or CO2 or to the oxidation of both O and N-bearing aliphatic functional groups. 

The initial continuous weight loss previously associated to the high hydrophilicity of 

the sample in the GO thermal analysis is also visible for the 100 ˚C and the samples 

treated in ammonia 220 ˚C (SNR100 and SNR220). A progressive decrease in the 

amount of aliphatic functionalities is observed when increasing the temperature of 

treatment, in agreement with the FT-IR analysis. Additionally, a significant increase in 

the onset of the complete combustion of the sample is observed until 569 °C (for the 

sample prepared at 400 °C). This behavior is attributed to the continuous removal of O-

bearing functionalities (“defects”) from the GO structure. However, despite the fact that 

a significant amount of aliphatic groups have been removed at 400 °C, the presence of 

these species cannot be discarded. Therefore, this set of samples (25 °C - 400 °C) 

containing different degrees of aliphatic nitrogen will be referred to as N-functionalized 

RGO in this study. Ammonia has been shown to be an efficient reducing agent for the 

synthesis of RGO, being more efficient at high temperatures. When S is treated at 

temperatures above 500 °C in ammonia (Figure 3.9 (b)) only the process leading to the 

complete combustion of the sample is observed by TGA in air. The initial weight loss 

attributed to oxygen and nitrogen-bearing aliphatic functionalities, in the samples trea- 

 
Figure 3.9. TG analyses of S and the N-containing RGO samples (SNR) prepared by annealing S 

under ammonia at temperatures ranged between (a) 25 °C- 400°C and (b) 500 °C- 800°C. 

Thermal analyses were performed under flowing air at a heating rate of 10 °C.min-1. 
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Table 3.2. Onset of combustion temperature in air of S annealed in ammonia at temperatures 

ranged between 500 °C and 800 °C. 
Sample N content (wt. %) Onset of combustion 

SNR500 12.5 579 °C 
SNR600 11.8 577 °C 
SNR700 10.2 571 °C 
SNR800 7.7 520 °C 

ted in NH3 at low temperatures is not observed. This suggests the incorporation of 

nitrogen into the planar structure (synthesis of N-doped reduced graphene oxide). 

Therefore, to differentiate this set of samples prepared at high temperature (500 °C-

800 °C) from the low temperature treatments (100 °C-400 °C), the former will be 

referred as N-doped RGO and the latter, as N-functionalized RGO. The terminology N-

functionalized RGO is used to stress the presence of aliphatic N-containing moieties in 

the samples, which tends to be neglected, but N-doping might already have taken place 

below 500 °C. Furthermore, the samples treated between 500 °C and 800 °C show an 

inverse trend in thermal stability against oxidation. The higher the nitrogen content is 

the higher onset of combustion temperature is observed (Table 3.2). For instance, 

whereas the sample prepared at 500 °C, with 12.5 wt. % N, presents an onset of 

combustion at 579 °C, the sample prepared at 800 °C, with 7.7 wt. % N, starts to oxidize 

at lower temperatures (520 °C). In the case of samples prepared at 300 °C and 400 °C, 

the decrease of O-bearing functionalities would explain the increase in stability, despite 

the slight decrease in the nitrogen content. As it will be discussed in Section ¡Error! No 

se encuentra el origen de la referencia., the same trend is observed in samples prepared 

from larger sheets in both, low and high temperature treatments. 

As mentioned, the initial loss in TGA observed in S, also visible for the SNR25 and 

SNR100 samples, is typically assigned to desorption of physisorbed molecules. 

Therefore, it is an indication of the hydrophilicity of the materials, directly related to 

the presence of functional groups in carbon nanomaterials.[177] To take advantage of 

this phenomenon and quantitatively determine the wettability properties, contact angle 
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(of a water droplet lying on thin layers) of the samples was measured. The contact 

angle measurements of the N-containing RGO samples along with those of GO (S) and 

graphite are presented in Figure 3.10. As expected, graphite powder shows the lowest 

interaction with the droplet of water (empty blue square), i.e. the highest 

hydrophobicity of all the analyzed samples due to the absence of functional groups in 

the structure (contact angle 160.6 °) nearly followed by the N-doped RGO samples. In 

contrast, the N-functionalized RGO samples (25 °C-400 °C) presented a more 

hydrophilic character. The most hydrophilic of the studied materials is GO (75 °), 

followed by the sample prepared at 25 °C (120 °). The marked increase in the contact 

angle at this temperature suggests that, already at room temperature, structural 

changes have occurred after the NH3 treatment. Then a continuous increase of the 

contact angle is observed upon increasing the temperature of treatment. The observed 

trend is in agreement with the gradual disappearance of functionalities observed by 

both FT-IR and TGA when increasing the temperature of treatment. 

The higher wettability of the N-containing samples compared to that of graphite arises 

from electrostatic interactions of different functional groups with the droplet. In the 

case of the N-doped RGO samples, small differences are observed with respect to 

graphite that can originate from the in-plane polarization induced by the presence of N 

heteroatoms or from thermally stable oxygen functionalities, as reported by Romanos 

et al.[168] Thus, wettability measurements are a useful and simple tool to provide, in a 

fast and qualitative manner, information on the degree of functionalization of the 

samples. 

The hydrophilic/hydrophobic character of the samples can also be assessed by the 

dispersability of the material in aqueous solvents. For this purpose, UV-Vis absorption 

spectra of dispersions of S and ammonia treated S samples were measured.  1 mg of the 

sample was initially dispersed in 5 mL of an ethanol-water (1:1) mixture (bath 

sonication, 30 min) and subsequently centrifuged (2 min, 2500 rpm) to precipitate the 

larger particles from the dispersion. Figure 3.11 (a) displays the UV-Vis spectra obtai- 



3.3. Synthesis of N-containing reduced graphene oxide 

 

 

59 

 
Figure 3.10. Effect of the temperature of treatment in the wettability of thin layers of the N-
containing RGO samples (SNR, black solid rhombus), prepared after ammonolysis reactions. 
Both, GO (S, blue empty rhombus) and graphite (blue empty square) are include as benchmarks. 

The dashed line separates the N-functionalized RGO (100-400 °C) from the N-doped RGO 

samples (500-800 °C). Error bars are included for all the samples (some of them are almost not 

visible due to the low error of the measurement). 

ned after sonication and partial centrifugation. There are two well differentiated 

regions of absorbance in S (continuous black line), corresponding to the π-π* (239 nm) 

and n-π* (ca. 300 nm) transitions previously assigned to C=C and C=O bonds 

respectively.[178] The second region of absorbance (shoulder) decreases in the 

ammonia treated samples until its total disappearance in N-doped reduced graphene 

oxide samples (see SNR500 spectra), due to the continuous elimination of O-bearing 

functionalities.[179] Furthermore, a marked shift is observed in the first region (239 

nm) when S spectrum is compared to those of N-containing RGO samples. Despite the 

fact that this shift can be attributed to the gradual restoring of the electronic 

conjugation, the presence of N atoms in the structure might play a role. Comparison of 

the UV-Vis spectrum of the 600 °C NH3-treated sample (continuous grey line, 10.0 at. % 

N as per XPS) and the 700 °C sample (blue dotted line, 7.7 at. % N) reveals a major shift 

to the red area of the spectrum (+7.2 nm); see the inset in Figure 3.11 (a). Both 

samples having similar oxygen content (ca. 2 at %; Table 2), the origin of the shift must 

reside in the different nitrogen content of the samples. Therefore, the amount of nitrogen 
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Figure 3.11. UV-Vis spectra of S and NH3 treated S samples after (a) dispersion-partial 
centrifugation and (b) dispersion-exhaustive centrifugation in water:ethanol (1:1). 

and its distribution into the layer has a noticeable influence in the spectroscopic 

properties of the material.[180] The higher the nitrogen content and the temperature of 

treatment is, the higher shift to the red region of the spectra is observed, once taken 

into account the contribution from the oxygen. Figure 3.11 (b) shows UV-vis spectra of 

the same dispersions after exhaustive centrifugation (15 min, 4500 rpm). There is a 

marked difference in both the shape and the absorbance between S and the samples 

prepared at low (25 °C-300 °C) and high temperatures (400 °C-800 °C) under NH3. The 

higher dispersability presented by the first group of samples is mainly caused by the 

presence of O-bearing functionalities (in the case of S) and O/N-bearing functionalities 

in N-functionalized RGO samples (which agrees with the FT-IR spectra assignments). 

The presence of such functional groups enhances the dispersability via the formation of 

electrostatic interactions between the sample and the polar solvent. Despite the fact 
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that the solubility of S would a priory be expected to be higher than the N-containing 

samples, the inverse trend is observed for the samples prepared at 25 °C and 100 °C. 

The formation of intralayer hydrogen bonds in the sample of S might account for this. 

Hydroxyl and carbonyl group derivatives (such as quinones) can interact forming 

internal hydrogen bonds (Scheme 3.1).[181] 

 
Scheme 3.1. Internal electrostatic interaction (H-bond) between hydroxylic and carbonylic 

groups present in GO sheets. The hydroxy-ketone form turns to be the most abundant resonant 
structure (85 %). 

In agreement with previous reports[178] carbonyl functionalities are found to be the 

most abundant moieties present in S (24.0 at. % as determined by XPS, vs 2.9 at. % of 

hydroxyl groups; Table 3.3). The presence of carboxylic groups (3.9 at. %) might also 

contribute to this fact, through the formation of dimeric moieties resulting from 

electrostatic interactions. A marked decrease in the amount of C=O (ca. 30 %) is 

observed by ammonolysis of S at 25 °C. At 100 °C ca. 60 % of carbonylic groups have 

been already eliminated from the sample. An important decrease in water 

dispersability is observed at 400 °C indicating the continuous elimination of the 

aliphatic functionalities when increasing the temperature of the treatment. The images 

in Figure 3.11 present the partially centrifuged (2 min, 2500 rpm; left) and 

exhaustively centrifuged (15 min, 4500 rpm; right) dispersions. S presented a similar 

appearance when compared with the dispersion of N-functionalized RGO sample 

treated at 25 °C (SNR25, brownish); nevertheless, the samples prepared at higher 

temperatures (100 °C and 220 °C) become darker than S. In contrast with the stable 

solutions obtained for the samples treated in NH3 at low temperature, a clearer 

appearance along with the formation of a black precipitate is observed for the N-doped 



 

 

Table 3.3. Nitrogen, oxygen and carbon content of S, NH3 treated S (25 °C-800 °C) and Ar treated S (500 °C, 800 °C) determined by XPS analysis.          
(*) These energies could be contributed either by aliphatic functionalities (CONH2/CNH2) or by structural pyridinic (C5N:) and pyrrolic (C4N:) groups. 

Sample 
N content (at. %) O content (at. %) C content (at. %) 

CONH2/ CNH2 C5N:/C4N:/C4N+ -OOCR/OCR2/-OCR3 PhOCOOPh C=C C-X (X=O, N) 

S -- 3.9/24.0/2.9 -- 18.8 49.7 
Total 0.7 30.8 68.5 

SNR25 3.0/1.1 -- 4.9/16.8/4.6 -- 29.5 40.0 
Total 4.1 26.4 69.5 

SNR100 4.6/3.2 -- 8.1/9.7/1.9 -- 37.2 35.3 
Total 7.8 19.7 72.5 

SNR220  3.9*/4.7*/2.4 4.4/2.5/2 -- 40.3 39.8 
Total 11.0 8.9 80.1 

SNR300  4.4*/4.3*/2.3 2.3/1.6/1.8 -- 43.9 39.4 
Total 11.0 5.7 83.3 

SNR400  4.3*/4.6*/2.2 1.8/1.3/1.6 -- 46.5 37.7 
Total 11.1 4.7 84.2 

SNR500 -- 4.5/3.7/2.1 1/1.1/1.4 -- 36.9 49.3 
Total 10.3 3.5 86.2 

SNR600 -- 4.0/3.6/2.4 0.7/0.8/0.8 -- 42.4 45.3 
Total 10.0 2.3 87.7 

SNR700 -- 2.9/2.6/2.2 0.5/0.6/0.9 -- 49.8 40.5 
Total 7.7 2 90.3 

SNR800 -- 2.3/1.8/1.6 0.5/0.7/0.9 -- 62.6 29.6 
Total 5.7 2.1 92.2 

SArR500 -- -- 3.9/1.5/6.1 0.9 53.2 33.8 
Total 0.6 12.4 87.0 

SArR800 -- -- 1.5/2.0/1.1 0.8 64.7 29.4 
Total 0.5 5.4 94.1 
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Figure 3.12. General survey scan of S and 100 °C, 220 °C, 500 °C and 800 °C NH3 treated S 

samples (SNR). 

RGO samples (500°C-800 °C) in agreement with the higher hydrophobicity presented 

by these samples. After a longer time of centrifugation (Figure 3.11 (b)), stable 

dispersions were obtained (collected supernatant) and no precipitate powder was 

observed. 

Figure 3.12 shows the XPS general survey scans of GO (S) before and after 

ammonolysis at 100 °C, 220 °C, 500 °C and 800 °C. The S spectrum presents two signals 

around 530 eV and 284 eV corresponding to the O1s and C1s binding energies 

respectively. After ammonia treatment, one additional peak, assigned to the N1s 

binding energy (ca. 400 eV) becomes clearly visible, confirming the presence of 

nitrogen in all the treated samples. For ease of comparison all the spectra are 

normalized to the C1s peak. A continuous decrease in intensity of the O1s signal is 

observed when increasing the temperature of treatment; from 30.8 at. % in S down to 

2.3 at. % already at 600 °C (Table 3.3).  This highlights the efficiency of NH3 as reducing 

agent for the synthesis of RGO. After 600 °C no significant change in the at. % of oxygen 

is observed. In comparison with previous works the 600-800 °C treatments are the 
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most reduced samples of GO reported to date when temperatures under 1000 °C are 

employed. When RGO is prepared under an inert Ar atmosphere at 800 °C (SArR800), 

the level of oxygen is about 5.4 at. % (Table 3.3). Similar values are obtained under 

reducing atmospheres (H2) even at higher temperatures (1100 °C; 2.7-9.2 at. % O)[160, 

162] or in the presence of N-dopant conditions (ca. 3 at. % O)[182] [183]. This stresses 

the role of NH3 in the removal of O-bearing functionalities. 

 
Figure 3.13. High resolution N1s XPS spectra of (a-e) N-functionalized RGO (25 °C- 400 °C) and 

(f-i) N-doped RGO (500 °C- 800 °C ) samples prepared by ammonolysis of GO (S). 
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Scheme 3.2. Synthesis of some N-containing moieties via NH3 nucleophilic addition to 

hydroxylic, carbonylic groups and derivatives. Higher temperature treatments favor reduction 

and formation of cyclic moieties. 

The high-resolution N1s spectra of nitrogen-containing RGO show marked differences 

in the distribution of N species (Figure 3.13). SNR25 and SNR100 (a-b) samples 

present two well differentiated peaks that can be assigned to amide (ca. 399.2 eV) and 

amine (ca. 400 eV) functionalities. The binding energies (BE) of these peaks are in good 

agreement with the report of Gabriel et al., where well defined organic molecules, 

namely 4, 5-ethyl enedithio 4’,5’ di(methyl carbamoyl)-tetrathiafulvalene and 4-

aminothiophenol were employed to respectively define the peak position of amide and 

amine groups. [184] Despite that both XPS signals could arise from the presence of 

mentioned structural nitrogen, all the analyses performed so far complementary 

confirm the presence of aliphatic nitrogenized species. 
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The ammonia nucleophilic addition to the oxidized graphene lattice can lead to 

different functionalities depending on the groups involved into the acid-base reaction. 

In this manner, amines and amides result from interactions of NH3 with hydroxylic and 

carboxylic groups respectively (Scheme 3.2 (1-2)). Additional reactions of oxygen- 

bearing functionalities closely located at the GO (S) surface with ammonia produce 

diverse nitrogen-based functionalities, including lactams (3), five and six-membered 

imides (4-5) and pyridinic and pyrrolic groups; all contributing to the planar system. 

[185] When S sample is treated at temperatures above 200 °C (SNR220), a new peak at 

higher binding energy (ca. 401 eV) appears corresponding to graphitic nitrogen 

(quaternary N).[13] As per TGA, the elimination of oxygen-based functional groups 

begins to be important at this temperature. This suggests that a fraction of the nitrogen 

atoms are already integrated into the RGO lattice (N-doping) by substitution of the 

eliminated carbon atoms. The 5.2 % relative increase in the pyrrolic/amine signal 

(399.8 eV) and the strong decrease of O=C groups (42.3 %) in SNR220, with respect to 

the SNR100 sample (Table 3.3), might account for the formation of N-bearing 5-

membered rings resulting from the reaction of ammonia with dicarbonylic species. 

However, the presence of both, N-functionalization and N-doping cannot be discarded. 

For this reason this signal is represented as a dashed line with contribution of both, 

aliphatic and structural groups (Figure 3.13(c)). The same discernment can be applied 

for samples treated under ammonia at 300 °C and 400 °C, even though the increase in 

the temperature of treatment favors the formation of cyclic structures and the 

elimination of oxygenized functionalities (4.7 at % for SNR400), thus suggesting the 

selective formation of rings free of oxygen. At 500 °C a decrease in the intensity of the 

peak at ca. 399.8 eV is observed and it is thought to only arise from pyrrolic nitrogen. 

Taking into consideration the previously performed analyses, the presence of aliphatic 

moieties is not expected at this temperature of synthesis. Higher temperatures of 

treatment (800 ˚ C) favor the formation of graphitic N (401.3 eV). 
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Figure 3.14. High-resolution O1s spectra of (a) S, (b-j) NH3 treated S (100 °C to 800 °C) and (k-l) 

Ar treated S (500 °C and 800 °C).  
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The high resolution O1s XPS also shows significant differences in the distribution of the 

oxygen species (Figure 3.14). Therefore, the temperature employed for the treatments 

not only determines the degree of reduction (elimination of oxygen leading to RGO) but 

also allows tuning the nature of the O-bearing functionalities in the resulting material. 

Three different signals assigned to O-C=O (ca. 531 eV), O=C (ca. 532 eV) and O-C 

(ca.534 eV) are present in S and NH3-treated samples.[161] The comparison between 

SNR100 and SNR500 samples reveals a significant decrease of both O=C (88.7%) and O- 

C=O groups (87.7 %) in the latter (Table 3.4). The removal of O-C groups (26.3 %) 

takes place in a lesser extent, since these moieties show a higher stability against 

thermal oxidation.[168] An additional 35.7 % loss of O-C groups is observed upon 

increasing the temperature of treatment to 800 °C. To get further insights on the impact 

that the ammonia treatment has on the distribution of the O-bearing functionalities, the 

O1s spectra of SArR500 and SArR800 are included in Figure 3.14(k-l). 

Table 3.4. Ratio between N, O and C species present in S, NH3 treated S (100 °C-800 °C) and Ar 

treated S (500 °C, 800 °C) determined by XPS analysis. (*) These energies could be contributed 

either by aliphatic functionalities (CONH2/CNH2) or by structural pyridinic (C5N:) and pyrrolic 

(C4N:) groups. 

Sample 

N content (%) O content (%) C content (%) 

CONH2/ CNH2 C5N:/C4N:/C4N+ -O2CR/ OCR2/OCR3/PhOCOOPh C=C 
C-X (X=O, 

N) 

S -- -- 12.8/78.0/9.2/-- 27.5 72.5 

SNR25 72.6/27.4 -- 18.7/63.9/17.4/-- 42.5 57.5 
SNR100 59.3/40.7 -- 41.1/49.3/9.6/-- 51.3 48.7 
SNR220  35.2*/42.8*/22.0 48.9/28.4/22.7/-- 50.3 49.7 
SNR300  40.6*/38.8*/20.6 40.5/28.5/31.0/-- 52.7 47.3 
SNR400  38.8*/41.7*/19.5 37.8/28.0/34.2/-- 55.2 44.8 
SNR500 -- 43.4/35.8/20.8 29.1/32.7/38.2/-- 42.8 57.2 
SNR600 -- 40.3/35.6/24.1 32.8/32.6/34.6/-- 48.3 51.7 
SNR700 -- 37.9/33.0/29.1 25.4/29.0/45.6/-- 55.2 44.8 
SNR800 -- 40.8/32.3/26.9 22.4/34.4/43.2/-- 62.6 37.4 
SArR500 -- -- 31.3/12.3/49.5/6.9 61.2 38.8 
SArR800 -- -- 27.7/36.9/20.8/14.6 68.8 31.2 
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Figure 3.15. High-resolution C1s spectra of (a-e) N-containing RGO samples prepared by 
ammonolysis treatment at temperatures ranged between 25 °C and 800 °C and (f) Ar treated S at 
500 °C. 

Noticeably, a new peak around 535 eV appears which increases with the temperature 

of treatment. This new peak, not present in the ammonia treated S, can be assigned to 

aromatic derivatives resulting from condensation reactions of phenolic groups, 

previously observed in oxidized carbonaceous materials.[186] Some authors have also 

reported the presence of phenolic groups in S by analysis of the C1s peak, overlapping 

with the hydroxyl/ether signal (ca. 285.4 eV).[35, 187] In this study this band has not 

been employed for the quantification of the N or O-based species due to the difficulty in 

the separation of the components after the deconvolution of the high resolution 

spectra. The asymmetry of the C1s peak, the overlapping of several signals and the low 

concentration of the heteroatoms produce a high uncertainty in the determination of 

the functionalities present in the material.[188, 189] However, changes in the structure 

can be perceived through the visual inspection of the high resolution C1s XPS of the 

samples after the ammonolysis treatments ( ). All the C1s spectra present Figure 3.15
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the characteristic peak from the sp2 C-C bond as well as a broad band ca. 291 eV, which 

is commonly assigned to the π-π* interband.[190] Already at 25 °C, a 56.9 % increase in 

the main peak (C=C groups, BE=284.8 eV) is observed, suggesting the elimination of 

aliphatic functionalities. The same trend is observed for all the low temperature treated 

samples (N-functionalized RGO, (a-c)), obtaining the highest increase at 400 °C (46.5 at. 

% against the 18.8 at. % C=C observed for the S sample), being an evidence of the 

restoring of the conjugated system by the elimination of the O-bearing functionalities. 

Despite that a new signal has appeared affecting the shape and position of the 

deconvoluted peaks, it is difficult to assign the positions to a particular functionality, 

since the binding energies of the C-N and C-O are both located in the 285-287 eV 

range.[191] Nevertheless, the samples treated at high temperature (N-doped RGO, (d, 

e)) show a broad asymmetric signal, attributed to the presence of lattice disorders 

originated by N-doping.[10]  

A schematic representation of the different N-functionalities that can be present in the 

samples is presented in Scheme 3.3. The scheme also illustrates that the environment 

of the nitrogen atoms and the level of reduction is temperature dependent. 

 
Scheme 3.3. Graphical representation of both, N-bearing functionalities and structural nitrogen 

introduced into the graphene oxide structure after ammonolysis treatments at low (left) and 

high (right) temperatures. 
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Figure 3.16. (a) Raman spectra of N-containing RGO (100 °C-800 °C, SNR) and RGO (800 °C, 

SArR800). (b) Comparison of the G-band position of two samples treated at 800 °C under Ar and 

NH3. (c) Effect of temperature on the D-band to G-band intensity ratio (ID/IG) of N-containing 

RGO (black squares). A sample of GO (S) and GO reduced under Ar (SArR800, blue rhombus) are 

also included for comparison. 

Raman spectroscopy is a useful tool frequently employed to detect variations in the 

honeycomb carbon lattice.[192] To complete the present study, Raman spectra of the 

NH3-treated (100 °C-800 °C) and Ar RGO (800 °C) samples were recorded (Figure 

3.16). As previously reported,[193] a down shift in the position of the G-band is 

observed by nitrogen-doping of the graphene lattice, from 1600 cm-1 (RGO) down to 

1590.8 cm-1 (N-doped RGO) -both samples being treated at 800 °C-. Furthermore, in 

agreement with the report of Cho et al.[194] an increase in the relative intensity of the 

D-band (ID/IG) is also observed after the NH3 treatment (ID/IG = 1.10 for N-doped RGO at 

800 °C; ID/IG = 0.95 for RGO at 800 °C). The samples treated in ammonia at low 

temperature (100 °C-400 °C) present a continuous increase of the ID/IG ratio when 

increasing the temperature of treatment (Figure 3.16), which levels off for the N-doped 

samples (500 °C-800 °C). The latest presenting similar ID/IG ratios. From the analyses 
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performed in the present study it becomes patent that the employed characterization 

techniques provide relevant but partial information on the type of N present in N-

bearing graphene samples. Taking this into account, and making profit of the physical 

and chemical properties of the synthesized materials, a toolbox that allows a proper 

assessment of the different nitrogen species that can be present in graphene-based 

materials is proposed (Table 3.5). 

Table 3.5. Toolbox of characterization techniques for the assessment of N-containing species in 

graphene-based materials. 
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 3.4. Thermal stability of N-doped reduced graphene 

oxide. 

Thermal oxidation stability of samples treated at high temperatures (N-doped RGO) has 

been analyzed and correlated with their nitrogen content and temperature of 

treatment. In order to detect measurable differences between the behavior of the 

samples, the study has focused on the SNR samples that showed the highest (SNR500) 

and lowest (SNR800) nitrogen contents and compared to the samples of S annealed 

under flowing Ar at the same temperatures and treatment time (thereafter undoped 

SArR samples). TGA and DSC analyses of the four samples are shown in Figure 3.17 

and the onsets of the combustion temperature are summarized in Table 3.6. 

As it has been previously established, annealing GO under an inert atmosphere results 

in the decomposition of functional groups leading to the formation of RGO. The higher 

the annealing temperature is, the lower the degree of O-bearing functionalities present 

in the reduced material,[160, 168] which in turn should confer the sample a higher 

stability against air oxidation. This is in agreement with XPS analyses and TGA data.  As 

 
Figure 3.17. (a) TG analyses and (b) DSC curves of undoped RGO (SArR) and N-doped RGO (NH3 

treated S, SNR) prepared at 500 °C and 800 °C. TGA and DSC analyses were performed under 

flowing air at a heating rate of 10 °C.min-1. 
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Table 3.6. Onset of combustion temperature in air of GO annealed in NH3 (N-RGO) and Ar (RGO) 

at 500 °C and 800 °C. 
Temperature of treatment Atmosphere Onset of combustion 

500 °C 
Argon 417 °C 

Ammonia 579 °C 

800 °C 
Argon 499 °C 

Ammonia 520 °C 

seen in Table 3.3 and Table 3.6, the SArR800 sample shows lower oxygen content (5.4 

at. %) and higher onset of combustion temperature (red solid line, 499 °C) compared to 

SArR500 (blue solid line; oxygen content: 12.4 at. %; onset: 417 °C). Remarkably, the 

opposite trend is observed in the thermal stability of the N-doped RGO samples (dashed 

lines) where treatment of GO (S) in NH3 at 500 °C (blue dashed line) confers a higher 

stability to the sample (onset: 579 °C) than after being treated at 800 °C (red dashed 

line; onset: 520 °C). The performed XPS analysis has revealed that NH3 is more efficient 

than argon in reducing the oxygen present in the samples. Notably, the amount of 

oxygen is still higher in the SNR500 sample (3.5 at. %) compared to SNR800 (2.1 at. %). 

The higher stability of the SNR500 must arise from the larger amount of nitrogen (12.5 

wt. %) compared to its counterpart prepared at 800 °C (7.7 wt. %). The ca. 5 wt. % 

difference in the nitrogen content seems to prevail over the oxygen content and be 

responsible for the different observed thermal oxidation stabilities.  

To better appreciate the role of nitrogen on the thermal stability of RGO samples, N-

doped RGO and Ar-treated S samples at the same given temperature are compared. A 

remarkable increase of 162 °C is observed at 500 °C (blue lines) between the undoped 

(blue solid line) and N-doped (blue dashed line) samples, which corresponds to about 

39 % increase in thermal stability (Figure 3.17 (a)). The same trend, although to a 

lesser degree, is observed between the samples annealed at 800 °C (red lines). N-doped 

samples are markedly more stable against thermal oxidation in air than their non-

doped counterparts. From the experimental XPS data, where N1s deconvoluted peaks 

(398.3-401.3 eV) have been previously assigned to pyridinic, pyrrolic and graphitic 
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nitrogen (Figure 3.13), a shoulder at higher binding energies (above 400 eV) appears 

in the sample prepared at 800 °C, which arises from pyrrolic and graphitic type 

nitrogen, the latter having a major effect. Actually a higher intensity of the fitted 

graphitic nitrogen peak (ca. 401.4 eV) is observed in this sample, when compared with 

SNR500; so the ratio of the peak intensities is clearly related with the annealing 

temperatures, which is in agreement with Kondo et al. reports.[195] Table 3.7 

summarizes the content of each type of nitrogen. Since the total amount of nitrogen 

present in SNR800 (7.7 wt. %) is much lower than SNR500 (12.5 wt. %), the total 

weight percent of the three types of N is also lower in SNR800. Interestingly, the weight 

percent of both pyridine and pyrrole decreases by about 42.5 % (40.7 % for pyridinic N, 

from 5.4 wt. % to 3.2 wt. %; 44.4 % for pyrrolic nitrogen, from 4.5 to 2.5 wt. %) 

whereas the total amount of graphitic nitrogen decreases by only 19.2 % (from 2.6 to 

2.1 wt. %). Comparing the relative percentage shows the effect that temperature has on 

the relative fraction of each type of nitrogen. It is clear that treatment of S in NH3 at 

higher temperatures favors the formation of graphitic nitrogen. A ca. 6 % increase in 

the graphitic content is observed for SNR800 with respect SNR500 (26.9 relative % 

graphitic nitrogen at 800 °C; 20.9 % at 500 °C). Accordingly both pyridinic and pyrrolic 

nitrogen suffer a ca. 3 % relative decrease. From such analyses, it is difficult to attribute 

the enhanced thermal stability of N-doped samples to the presence of a particular type 

of nitrogen. 

To get further insights on the stability that N-doping confers to the samples, we looked 

at the thermodynamic aspects of the combustion reaction for each type of nitrogen and 

Table 3.7. Nitrogen content determined by elemental analysis (total content) and XPS (ratio of 
nitrogen types) in samples of N-doped RGO prepared at 500 ˚C and 800 ˚C in NH3. 

Sample  Total N Pyridine N Pyrrolic N Graphitic N 

SNR500 
N (wt %) 12.5 5.4 4.5 2.6 

% 100 43.4 35.7 20.9 

SNR800 
N (wt %) 7.7 3.2 2.5 2.1 

% 100 40.8 32.3 26.9 
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carbon for undoped S, considering the fragments depicted in the reactions of Scheme 

. The enthalpy of combustion for each type of nitrogen, which can be estimated from 3.4

the mean bond enthalpies (averages of bond enthalpies over a related series of  

compounds) for the gas-phase reaction, was first worked out.[196] The enthalpy  

changes accompanying the breaking of C-C(C=C), C-N(C=N) and O=O bonds in a typical 

reaction of combustion, and the subsequent formation of the oxidation products (CO2 

and N2, as per Atkins and Paula[197]) must be considered ( ). The estimated Table 3.8

combustion enthalpy for the NC2 (pyrrolic and pyridinic N), NC3 (graphitic N) and CC3 

(graphene) fragments, depicted in Scheme 3.4, is -1760 kJmol-1, -2560 kJmol-1, and        

-3124 kJmol-1, respectively. Comparison between the combustion of N-containing 

moieties reveals that whereas both pyrrolic and pyridinic nitrogen have the same 

enthalpies of combustion, the oxidation of nitrogen in a graphitic environment leads to 

the release of more energy. Furthermore, the combustion of a graphene fragment (with 

no N) is more exothermic than that of an N-doped structure. The enthalpy of a 

transition can be determined from differential scanning calorimetry (DSC) 

measurements. DSC analyses of the SArR500 and SNR500 samples are registered in 

Figure 3.17 (b). A more exothermic process is observed for the undoped RGO 

combustion compared to the N-doped sample. The enthalpy of the process is 

proportional to the integrated area of the associated peaks, having a value of -11013 

µV.s.mg-1 for the SArR (Ar treated) and -7707 µV.s.mg-1 for the SNR (NH3 treated).  This 

is in good agreement with the thermodynamic calculations, which predict the release of 

Table 3.8. Mean bond enthalpies (ΔH) involved in the combustion reaction of SArR and SNR 

samples.[196] 

Bond ΔH (kJ.mol-1) 

C-C 345.6 
C=C 602 
C-N 304.6 
C=N 615 
O=O 493.6 

C=O (CO2) 799 
N≡N 941.7 
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Scheme 3.4. Combustion reactions for the different types of nitrogen and carbon present in N-
doped RGO (1-3) and RGO (4). 

more energy for the combustion of undoped samples. Finally, the Gibbs energy (ΔG) has 

been calculated to estimate the spontaneity of the combustion reaction for each of the 

considered fragments (reactions 1-4, Scheme 3.4). For ease of comparison, and taking 

into account that the combustion of all the samples starts to occur in the 417–579 °C 

range, the temperature was fixed at the mean value of 500 °C for the calculation of both 

ΔS and ΔG. The entropy changes for the reactions of oxidation of RGO and N-doped RGO 

at 500 °C (773 K, T2) were calculated using the tabulated data for the entropy values of 

the compounds involved in the combustion at 298 K (T1), and the heat capacity, ΔCp 

(assumed to be constant) at the initial temperature.[198] Thus,  

 

∆S T2 = ∆S T1 + ∆Cp ln  
T2

T1
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Estimated values of ΔG500 of -1870 kJ.mol-1, -2682 kJ.mol-1, and -3176 kJ.mol-1 have 

been obtained for NC2, NC3, and CC3 systems, respectively (Table 3.9). From the 

obtained values, both pyridinic and pyrrolic N are expected to confer a higher thermal 

stability to the system than graphitic N. The calculated ΔG further supports the 

experimental observation because from a thermodynamic point of view the reaction of 

undoped samples with oxygen is more spontaneous than when nitrogen is present. 

Table 3.9. Changes in the Gibbs Energy (ΔG) for the combustion reactions of RGO and N-doped 

RGO. 

Reaction 
ΔCp 

(kJ.K-1.mol-1) 
ΔS298 

(kJ.K-1.mol-1) 
ΔS773 

(kJ.K-1.mol-1) 
ΔG 

(kJ.mol-1) 

(1-2) 30.1 113.1 141.8 -1869.6 

(3) 37.8 121.7 157.8 -2681.9 

(4) 31.0 34.6 66.2 -3175.6 

 3.5. High temperature post-synthesis treatments.  

As we have shown, N-containing RGO can be prepared by annealing GO under NH3. By 

controlling the temperature of treatment, not only the level of reduction, but also the 

nature of the N-based functionalities can be easily tuned. Lower temperatures result in 

the introduction of N-containing aliphatic functionalities into the sample, whereas the 

formation of more stable nitrogen species (N-doping) requires the use of higher 

temperatures. N-doping confers the sample an enhanced stability against thermal 

oxidation.[172] In light of these results, high temperature post-synthesis treatments of 

 the annealing the N-containing RGO samples have been carried out. The role of

temperature as well as the atmosphere employed during the treatment on the thermal 

and structural properties of the samples was evaluated. N-containing samples, 

prepared at temperatures ranged between 220 ˚C and 800 ˚C, were selected to explore 

how the characteristics of these initial materials (nitrogen content and nature of the N-

based groups) change with the annealing process. For this purpose, different sets of 
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samples were prepared and for ease of comparison, the influence of each parameter 

will be analyzed separately. In some cases the data obtained after the characterization 

of a given sample will be included in more than one table and/or figure to facilitate the 

analysis of the results.  

 3.5.1. Role of the atmosphere used in the treatments.  

Initially, in order to analyze the role of the gas on the final content of nitrogen, a 500 °C 

N-doped RGO sample (LNR500) was annealed at 1050 °C under three non-oxidant 

atmospheres (N2, Ar and Ar/H2). As mentioned before, the 500 °C treatment leads to 

the highest level of doping. A small amount of oxygen groups are still present in 

LNR500 after the ammonolysis treatment (6 % as determined by XPS, Table 3.10).  

A control sample was prepared by annealing L at 1050 ˚C under N2 (L1050N2) following 

the same protocol applied to the N-doped samples. This allowed us to determine any 

possible interaction of the oxygen-bearing functionalities with the flowing gas (N2), 
since N2 (plasma treatment) has been used for the synthesis of nitride-based 

compounds.[13] Thus, the samples were treated during 2 hours at 1050 ˚C under the 

chosen atmosphere and were cooled down to room temperature. Table 3.10 and Table 

3.11 show the carbon, nitrogen and hydrogen composition of the annealed samples as 

determined by XPS and elemental analyses respectively. After treatment of GO (L) 

under N2 no significant changes in the nitrogen content are observed. Thus, the use of N2 

Table 3.10. Nitrogen, oxygen and carbon atomic content (at. %, determined by XPS) present in 

LNR500 (500 °C NH3 treated L sample) before and after annealing at 1050 °C under Ar, N2 and 

Ar/H2.  

Sample C (at. %) N (at. %) O (at. %) 

LNR500 85.5 8.5 6 

LNR500-1050N2 92 3.7 4.3 

LNR500-1050Ar 87.1 4.4 8.5 

LNR500-050Ar/H2 95.8 1.3 2.9 
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gas is not expected to contribute towards the final nitrogen content in the LNR500 

post-treated samples. As expected, both the N-doped RGO and L samples showed an 

increase in the final content of carbon by the annealing treatment, as consequence of 

the elimination of the remaining aliphatic functionalities present in the samples. For the 

high temperature treated N-doped RGO sample, some differences are observed in the 

final composition as a function of the employed gas. In all the cases a decrease in the 

nitrogen content was observed, from 9.6 wt. % in LNR500 to 4.9 wt. % when LNR500 

was treated under Ar (LNR500-1050Ar) and N2 (LNR500-1050N2). This represents a 

49 % of decrease in the nitrogen content of the samples. Even a more dramatic 

decrease (68.8 % N) is observed when an Ar/H2 atmosphere was employed (LNR500-

1050 Ar/H2; 2.9 wt. % N).  

Table 3.11. Composition of carbon, nitrogen and hydrogen (wt. % determined by elemental 
analysis) present in L and LNR500 (500 °C NH3 treated L samples) annealed at 1050 °C under 

different inert atmospheres. 
Sample C (wt. %) N (wt. %) H (wt. %) 

L1050N2 94.9 0.3 0.2 
LNR500 81.3 9.6 0.9 

LNR500-1050N2 90.0 4.9 0.2 
LNR500-1050Ar 91.0 4.9 0.3 

LNR500-1050Ar/H2 91.7 3.0 0.3 

As previously described (Section 3.3.2), XPS is usually employed to differentiate the 

functionalities present in the samples because the binding energies of the core 

elements in the atoms are strongly dependent on their chemical environment. After the 

deconvolution of the high-resolution spectra of the elements, small variations in the 

position of the peaks allow both the identification and the quantification of the chemical 

groups contained in the material. As shown in Table 3.12 the LNR500-1050Ar and the 

LNR500-1050N2 samples did not suffer important variations in the distribution of both 

the sp2 band and the signal corresponding to functionalized carbon atoms. On the other 

hand, the XPS spectrum of the LNR500 sample treated at 1050 ˚C under Ar/H2 

(LNR500-1050Ar/H2) did show significant changes in the amount and distribution of the 
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Table 3.12. Carbon, nitrogen and oxygen atomic content (at. %, determined by XPS) present in 

LNR500 (500 °C NH3 treated L sample) before and after annealing at 1050 °C under Ar, N2 and 

Ar/H2. In all cases the contribution of the specific functionalities is registered. 

Specie 
Sample 

LNR500 
LNR500-
1050Ar 

LNR500-
1050N2 

LNR500-
1050Ar/H2 

C content 
(at. %) 

RC=CR 43.1 42.3 49.7 60.4 

Functionalized carbon 42.4 44.8 42.3 35.4 

Total 85.5 87.1 92 95.8 

N content 
(at. %) 

Pyridinic N (C5N:) 3.8 1.8 1.1 0.3 
Pyrrolic N (C4N:) 3.4 0.9 0.7 0.2 
Graphitic N (C4N+) 1.3 1.0 1.3 0.6 

Pyridinic N+O-(C4N+-O-) -- 0.7 0.6 0.2 
Total 8.5 4.4 3.7 1.3 

O content 
(at. %) 

-O2CR 2.6 4.9 1.6 1.3 
OCR2 2.3 2.6 2.1 1.6 
-OCR3 1.1 1 0.6 -- 
Total 6 8.5 4.3 2.9 

species. Figure 3.18 shows the deconvoluted high resolution C1s (c) and O1s (d) 

spectra of the 1050 ˚C Ar/H2 treated sample. The spectra of the initial material 

(LNR500) are included for comparison. After exposure of the N-doped RGO to the 

annealing treatment an increase in the signal corresponding to the sp2 carbon is evident 

(ca. 40 %, Table 3.12). As a consequence, a decrease in the contribution of the 

functionalized carbon (oxygen and nitrogen-based species) is produced. In the case of 

the O1s signal, drastic changes in the shape and even number of deconvoluted peaks 

are observed. A significant decrease in the concentration of the carboxylic and ketone 

groups is produced (50 % and 30 % respectively); however, the most evident variation 

is the disappearance of the signal corresponding to the oxygen groups directly related 

to the RGO lattice. 

The presence of molecular hydrogen in the flowing gas may induce a further reduction 

of the sample. Mikoushkin et al. have studied the hydrogenation of GO by thermal 

reduction (T > 750 ˚C) in H2.[199] The elimination of the C-O groups may be induced 

either by the high temperature treatment (restoring the C=C conjugation) or by the 

introduction of hydrogen atoms (from the flowing gas) in the conjugated graphitic struc- 
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Figure 3.18. High resolution (a, c) C1s and (b, d) O1s spectra of LNR500 and LNR500-
1050Ar/H2 samples respectively. 

ture. Moreover, the hydrogen atoms can act as reducing agents of the oxidized aliphatic 

moieties. The hydrogenation process of the RGO lattice may induce the formation of sp3 

defects in the surroundings of the N-containing sites. This modification can alter the 

reactivity of the material favoring the elimination of nitrogen from the structure; which 

would explain the highest decrease in the nitrogen content of the LNR500-1050Ar/H2 if 

compared to the LNR500 when treated in presence of Ar or N2. 

TGA were next carried out to analyze the influence of the variations observed in the 

composition of the samples in their thermal stabilities (Figure 3.19). For the LNR500-

1050Ar/H2 sample (continuous green line), a 60 °C decrease in the onset of combustion 

(506 °C) was observed against the LNR500 sample (pink dashed line). This behavior is 

in agreement with the results obtained for the S-based samples (SNR), confirming the 
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important role of the nitrogen species in the thermal stability of reduced RGO. The 

combustion of the sample with the lowest nitrogen content (3 wt. %) is observed at the 

earliest temperature. Surprisingly, TGA data of the LNR500-1050Ar (continuous blue 

line) and the LNR500-1050N2 (continuous orange line) samples show the inverse trend. 

Both post annealed samples show a slight enhanced thermal stability (Table 3.13), 

despite the marked decrease in their nitrogen content (4.9 wt. %). 

One could think that the reductive character of the flowing Ar/H2 should produce an 

enhanced thermal stability due of the highest elimination of oxygen-bearing moieties 

(2.9 at. % O); nevertheless, the introduction of hydrogen within the RGO lattice after 

the annealing treatment in presence of H2 may induce the formation of defect sites (sp3 

hybridized sites), contributing to the decrease of the thermal stability of the sample. 

As mentioned, samples treated under argon and nitrogen showed an increase in their 

onset of combustion. Focusing on the atomic composition of the samples slight 

differences can be observed. LNR500-1050Ar and LNR500-1050N2 contain similar 

amount of nitrogen, but the oxygen composition of the argon-treated sample (8.5 at. % O) 

 
Figure 3.19. TGA of N-doped RGO sample prepared under NH3 at 500 °C before (dashed line) 

and after (continuous lines) annealing treatment under N2 (orange), Ar (blue) and Ar/H2 (green) 

at 1050 °C. TGA were performed under flowing air at a heating rate of 10 °C.min-1. 
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Table 3.13. Onset of combustion temperature in air of the 500 °C ammonia-treated L sample 

(LNR500) after annealing at 1050 °C under Ar (LNR500-1050Ar), N2 (LNR500-1050N2) and 

Ar/H2 (LNR500-1050Ar/H2 ). 
Sample Onset of Combustion 

LNR500 566 °C 
LNR500-1050N2 581 °C 
LNR500-1050Ar 578 °C 

LNR500-1050Ar/H2 506 °C 

duplicates the amount determined in the sample treated under N2 (4.3 at. % O). A 

higher thermal stability would be expected for the LNR500-1050N2 sample. 

Furthermore, if the same discernment is applied for all the materials, LNR500 should be 

more stable than its counterpart treated under argon, due to its lower oxygen content 

(6 at. % O). Analyzing the obtained results, the observed trend cannot be explained a 

priori, either in terms of the total atomic composition of the samples or by the mean 

bond enthalpies, as previously explained for the N-doped RGO samples. However, these 

results reinforce our findings which indicate that the thermal stability of the N-doped 

RGO (against oxidation by air) is mainly governed by the presence and nature of the N-

based moieties and that in this case, the oxygen content plays a minor role. 

Considering that the functionalities present in the N-containing RGOs are responsible of 

the physicochemical properties of the materials (including their thermal stability), and 

that their presence is markedly affected by the temperature of the ammonolysis 

treatments;[200] structural changes in the high temperature treated samples are 

expected. Figure 3.20 shows the high resolution N1s XPS spectra of the N-doped 

sample before and after the post synthesis treatments. For the N-doped RGO, three 

different peaks, corresponding to pyridinic nitrogen (ca. 398.5 eV), pyrrolic nitrogen 

(ca. 400 eV) and graphitic nitrogen (ca. 401 eV) are frequently reported.[190] 

Nevertheless, after the 1050 °C annealing treatments an additional signal arising above 

403 eV is observed. The position of this peak corresponds to positive charged pyridinic 

nitrogen, usually stabilized by negative oxygen atoms (pyridine N-oxide).[197] Beyond 

the appearance of a new signal, the most relevant change observed in the N1s spectra is 
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Figure 3.20. High-resolution N1s spectra of (a) LNR500, (b) LNR500-1050Ar/H2, (c) LNR500-
1050N2 and (d) LNR500-1050Ar samples.  

the decrease of the pyrrolic and pyridinic nitrogen contents after the high temperature 

treatments. The thermal stability of the Ar and N2-treated samples is markedly 

enhanced, despite the abrupt elimination of the nitrogen present in the five and six- 

membered rings. The observed increase in thermal stability could arise from the 

decrease of the pyrrolic species, which have been reported by Kundu et al. as the less 

stable of the structural nitrogens. The authors have studied the thermal stabilities of N-

containing carbon nanotubes,[201] finding that ca. 49 % of the pyrrolic nitrogen is 

already removed at 700 °C. The content of graphitic nitrogen remains almost invariable 

after the thermal treatment, which is in agreement with the high stability reported for 

these N-based moieties. The graphitic N is the most stable functionality when compared 
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with pyridinic and pyrrolic N.[201] On the other hand, the six-membered structure of 

the pyridine N-oxide could also contribute to the stability of the sample. 

As discussed, LNR500-1050Ar and LNR500-1050N2 present differences in the degree of 

oxidation (8.5 at. % O and 4.3 at. % O respectively). The similar stabilities of the 

samples can be explained by the slightly higher amount of nitrogen present in the 

LNR500-1050Ar (4.4 at. % N, Table 3.12) against the 3.7 at. % N determined for the 

sample prepared under N2. Moreover, the higher amount of six-membered rings which 

are more stable than five-membered cyclic moieties can also contribute to the stability 

of the Ar-treated samples. Finally, the lower stability of the LNR500-1050Ar/H2 sample 

can be explained in terms of the distribution of the nitrogen moieties. The significant 

decrease in the structural nitrogen-containing groups, and specially the elimination of a 

ca. 50 % of the graphitic moieties produce the earlier combustion of the material.  

Pyridine N-oxide groups are probably generated by internal rearrangements or either 

by the interaction of unstable nitrogen, contained in six-membered rings, with oxygen 

from the O-bearing functionalities remaining after the 500 °C ammonolysis treatment 

(6 at. % O). In the LNR500-1050Ar/H2 sample the formation of these species is not 

favored due to the highly reductive character of the Ar/H2 mixture, which induces the 

elimination of the oxygen-based groups.  

 3.5.2. Role of the functionalities present in the starting material.  

Taking into account that thermal treatments clearly induce both, the elimination of the 

less stable species and internal structural rearrangements, the nature of the initial 

functionalities could play a major role in the final structure of the samples. As 

previously discussed ammonia treatments at 220 °C not only produce the formation of 

nitrogen-based aliphatic moieties (functionalization), but also cause the incorporation 

of nitrogen into the graphitic lattice. When this temperature is employed for the 

ammonolysis, the highest content of nitrogen is achieved, whilst presenting a 
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significant amount of O-bearing functionalities in the sample. Otherwise, the 800 °C 

ammonia treated L (LNR800) has been registered as the material with the highest 

degree of reduction. Furthermore, the totality of the N-based groups present in the 

sample corresponds to structural species, namely pyridinic, pyrrolic and graphitic N. 

For these reasons both materials were chosen for the post-annealing studies, due to the 

wide difference in their structural conformation. The LNR220 and LNR800 samples 

were annealed at temperatures ranged between 500 °C and 1050 °C under an inert 

atmosphere. As we have shown in the previous section, the atmosphere employed for 

the annealing treatment may induce changes in the composition of the samples. For this 

reason, the treatments were carried out under the same inert gas. Samples were 

prepared by placing the N-containing RGO previously prepared by annealing GO under 

NH3 at 220 °C (LNR220) and 800 °C (LNR800) into a tubular furnace. The system was 

purged with argon to eliminate any trace of oxygen and subsequently dwelled for 2 h at 

the chosen temperature. After cooling down, the composition of the samples was 

determined by elemental analysis, and XPS measurements. TG curves were recorded to 

evaluate the stability of the samples against its oxidation by air. 

Table 3.14. Composition of carbon, nitrogen and hydrogen (wt. %, determined by elemental 
analysis) present in LNR220 and LNR800 before and after annealing at 1050 °C under Ar. 

Sample C (wt. %) N (wt. %) H (wt. %) 

LNR220 72 9.8 1.3 
LNR220-1050Ar 92.4 4.0 0.2 

LNR800 90.0 5.6 0.2 
LNR800-1050Ar 92.3 3.5 0.2 

Table 3.14 shows the composition of the samples as determined by elemental analysis 

before and after the 1050 ˚C treatment. After annealing both, LNR220 and LNR800 

present an increase in the concentration of carbon, accompanied by the removal of 

nitrogen atoms from the material. In the case of the LNR220, the decrease in the N 

content could correspond to removal of aliphatic moieties (amine or amide groups) as 

well as structural nitrogen. On the other hand, LNR800 was strictly composed by 
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nitrogen atoms directly linked to the RGO lattice. Thus, the eliminated species 

correspond to pyridinic, pyrrolic and graphitic N fractions. 

Figure 3.21 shows the TGA of the prepared samples after annealing at 1050 °C under 

argon. Thermal analyses of the N-doped samples before treatment are included for 

comparison. All the high temperature treated samples showed an enhanced thermal 

stability, compared to the former materials. However, the highest difference was 

observed for the 1050 °C Ar treated LNR220 (LNR220-1050Ar, red continuous line), 

due to the disappearance of the continuous loss of weight (220 °C-440 °C) present in 

LNR220 (blue dashed line). This thermal event corresponds to the elimination of the 

aliphatic functionalities (oxygen and nitrogen-bearing moieties). Furthermore, the 

onset of combustion of the sample presented a slight increase, reaching a similar 

stability to the LNR500-1050Ar sample (blue continuous line, Table 3.15). Considering 

that nitrogen-aliphatic moieties (amine/amides) introduced by ammonolysis 

treatments were removed after the argon treatment, synthesized samples are referred 

hereinafter as N-doped RGO. In case of the 1050 ˚C treated LNR800 (LNR800-1050Ar, 

grey continuous line), although the sample was treated under the same conditions, the lo-  

 
Figure 3.21. Thermogravimetric analyses of nitrogen containing RGO samples (220 °C, 500 °C 

and 800 °C) after thermal treatment at 1050 °C under Ar atmosphere. Thermal analyses of the 

starting materials are included for comparison. Analyses were performed under flowing air at a 

heating rate of 10 °C.min-1. 
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Table 3.15. Onset of combustion temperature in air of the nitrogen containing materials (LNR) 

before and after treatments under argon at 1050 °C. 
Sample Onset of Combustion 

LNR220 549 °C (2nd weight loss) 
LNR500 566 ˚C 
LNR800 471 °C 

LNR220-1050Ar 578 °C 
LNR500-1050Ar 578 °C 
LNR800-1050Ar 525 °C 

west onset of combustion (525 °C) is observed. As previously reported the 800 °C 

ammonia treatment is the most effective temperature to eliminate oxygen-bearing 

aliphatic groups but also is responsible of the lowest introduction of nitrogen within 

the N-doped RGO lattice. The low concentration of N-based structural groups leads to a 

sample with relatively low thermal stability (Section 3.3.2), when compared with the 

samples treated under lower temperatures (500-700 °C NH3-treated samples). 

Surprisingly, the same trend is observed for high temperature treatments. Despite that 

the onset of combustion of LNR800 (471°C) shows the highest increase (54 °C, Table 

3.15) after the 1050 °C treatment, the final stability of the resulting material is still the 

lowest among this set of Ar-treated samples. 

XPS was carried out to determine the distribution of the functionalities within the RGO 

lattice and their influence in the thermal behavior of the samples. Figure 3.22 shows 

the high resolution O1s XPS of the LNR220 (a) and LNR800 (b) samples and the 1050 

°C treated ones (LNR220-1050Ar (c) and LNR800-1050Ar (d)) under argon. There is 

no a direct trend between the distribution of the oxygen-bearing moieties and the 

temperature of treatment. Interestingly, a new peak (BE ca 534 eV) is observed after 

annealing the LNR220 sample at 1050 °C. This signal, previously observed in argon-

treated GO samples (500 °C and 800 °C, Figure 3.14), can be assigned to aromatic 

derivatives (mainly PhOCOOPh groups). Taking into account that the starting sample is 

the most oxidized among the evaluated nitrogen-containing RGO samples; the 

formation of these groups could arise from the condensation reactions of phenolic func- 
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Figure 3.22. High Resolution O1s XPS of the 220 ˚C N-containing RGO (LNR220) and the 800 ˚C 

N-doped RGO (LNR800) (a-b) before and (c-d) after the 1050 ˚C treatment under Ar respectively. 

tionalities still present after the initial treatment under ammonia. 

The variation in the concentration of the functionalities can be also appreciated in the 

high resolution C1s data (Table 3.16). The 1050 ˚C treatments produce the increase in 

the C=C signal due to the elimination of nitrogen and oxygen-bearing moieties. Slight 

differences are observed in the N1s spectra of the Ar-treated samples. The presence of 

the pyridinic N-oxide groups (ca. 403 eV) is observed for both, the initially N-

functionalized and N-doped samples. Considering the numerical values obtained after 

the analysis of the data (Table 3.16), similar results were observed for the total 

amount of nitrogen in the LNR220 and LNR500 samples after the 1050 °C treatment 

(4.0 at. % and 4.4 at. % N respectively). The atomic content of pyridinic, pyrrolic, 

graphitic N and pyridine N-oxide groups is in agreement with the overlapping observed 
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in the TG curves. The highest elimination of the N-containing species from the low 

temperature NH3-treated sample (LNR220, ca. 81 % for the pyrrole/amine group) 

could be explained by the presence of N-aliphatic functionalities (amides/ amides) 

which are not present in the N-doped sample (LNR500). However, the signal 

corresponding to graphitic nitrogen remains almost invariable confirming that this 

temperature (220 °C) is already useful to introduce highly stable functionalities, which 

indeed contribute to the high stability of the material against its oxidation by air. For 

the LNR800-1050Ar the lower concentration of O-bearing functionalities produces the 

formation of a smaller amount of pyridine N-oxide groups (0.3 at %). The highest 

decrease of the total N-content would explain the lowest onset of combustion, if 

compared with the Ar-treated samples (525 °C, Table 3.15), despite that this sample 

presents the highest restoring of the C=C lattice (92.2 at % C). 

Table 3.16. Carbon, oxygen and nitrogen content (at. % determined by XPS) of NH3-treated L 

(220-800 °C) before and after 1050 °C treatment under argon, determined by XPS analysis.        
(*) These values could correspond to aliphatic functionalities (CONH2/CNH2) or to structural 
pyridinic (C5N:) and pyrrolic (C4N:) groups. 

Specie 
Sample 

LNR220 LNR800 
LNR220- 
1050Ar 

LNR500-
1050Ar 

LNR800 
-1050Ar 

C content 
(at. %) 

RC=CR 40.5 48.5 50.7 42.3 63.4 

Functionalized carbon 41.0 41.1 40.5 44.8 28.8 

Total 81.5 89.6 91.2 87.1 92.2 

N content 
(at. %) 

Pyridinic N (C5N:) 2.9* 2.2 1.2 1.8 0.6 
Pyrrolic N (C4N:) 4.7* 1.7 0.9 0.9 0.4 
Graphitic N (C4N+) 1.6 1.6 1.0 1.0 0.4 

Pyridinic N+-O-(C4N+-O) -- -- 0.9 0.7 0.3 
Total 9.2 5.5 4.0 4.4 1.7 

O content 
(at. %) 

-O2CR 4.3 1.5 3.1 4.9 2.2 
OCR2 2.6 2.7 1.0 2.6 3.0 
-OCR3 2.4 0.7 0.5 1.0 0.9 

PhOCOOPh -- -- 0.2 -- -- 
Total 9.3 4.9 4.8 8.5 6.1 
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 3.5.3. Role of temperature.  

As we have just seen, 1050 °C treatments under oxygen free atmospheres are useful for 

the elimination of oxygen-bearing functionalities, allowing the structural modification 

of the N-doped RGO lattice. The high temperature treatments induce an enhanced 

thermal oxidation stability against air, but at the same time, the elimination of a 

remarkable amount of nitrogen from the sample is observed. The synthesis of N-doped 

RGO at 500 °C and 800 °C under NH3 induces a high thermal stability and the 

elimination of oxygen-based groups respectively. For these reasons, these 

temperatures were chosen for a new set of high temperature treatments under argon, 

aiming to obtain a high elimination of the less stable oxidized groups whilst minimizing 

the removal of the N-based functionalities. Following a protocol similar to that 

employed before, N-containing RGO samples (220 °C and 500 °C NH3 treated samples) 

were annealed at 500 °C and 800 °C. When relevant, the data previously obtained with 

the treatments at 1050 °C are also included in the tables and figures for ease of 

comparison. In all the cases, the temperature employed for the Ar treatment was higher  

 
Figure 3.23. Thermogravimetric analyses of  the 220 °C nitrogen functionalized RGO sample 

before (LNR220) and after thermal treatment at 500 °C (LNR220-500Ar), 800 °C (LNR220-
800Ar) and 1050 °C (LNR220-1050Ar) under argon. Analyses were performed under flowing air 

at a heating rate of 10 °C.min-1. 
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Table 3.17. Onset of combustion temperature in air of the nitrogen-containing materials (LNR) 

before and after treatments under argon at 500 °C, 800 °C and 1050 °C. 
Sample Onset of Combustion 

LNR220 549 °C (2nd weight loss) 
LNR220-500Ar 557 °C 
LNR220-800Ar 550 °C 

LNR220-1050Ar 578 °C 

than that employed for the preparation of the N-containing RGO. 

Figure 3.23 (a) shows the TG curves of the LNR220 sample before and after annealing 

under argon at 500 °C, 800 °C and 1050 °C. After any of these treatments the 

disappearance of the weight loss corresponding to the aliphatic fraction present in the 

LNR220 sample (250°C -500 °C, blue dashed line) and a slight increase in the onset of 

complete combustion is observed (Table 3.17). These results are in agreement with the 

XPS data, where restoring of the conjugation is observed, as well as a decrease in the 

oxygen content when the temperature is increased (Table 3.18). Both, the 500 °C and 

the 800 °C post-annealed samples present similar thermal stabilities; meanwhile the 

highest onset of combustion was obtained for the LNR220-1050Ar sample (578 °C).  

A priori, higher differences in the thermal behavior of the LNR220-500Ar and LNR220-

800Ar samples would be expected due to the differences in their total content of 

nitrogen). The similar thermal stability might account for (i) the level of reduction of 

the samples and the higher elimination of the O-bearing functionalities on the sample 

treated at 800 ˚C. Thus, despite this sample has a lower concentration of nitrogen (5.4 

at. %), these factors might increase the thermal stability. The sample treated at 1050 ˚C 

presented the highest level of reduction among the Ar-treated samples, and the lowest 

concentration of nitrogen (4.0 at. %). Analysis of the high resolution N1s XPS of the 

LNR220 Ar-treated samples reveals the presence of the pyridine-N-oxide species (BE 

ca. 403 eV, Figure 3.24 (a-c)). The concentration of these groups is directly related 

with the temperature of treatment. Whereas graphitic-nitrogen groups maintains its 

concentration unchanged (ca. 1.0 at. %), a progressive decrease of the pyrrolic/amine sig- 
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Figure 3.24. High- resolution N1s spectra of LNR220 after treatment at (a) 500 ˚C, (b) 800 ˚C 

and (c) 1050 ˚C under argon. 

nal is observed. The 500 °C treatment mainly produced the removal of the aliphatic 

groups, but taking into account that the elimination of pyrrolic nitrogen is reported at 

mild conditions, [201] the loss of these functionalities at 500 °C cannot be discarded. 

Higher temperatures of treatment (800 ˚C and 1050 ˚C) lead to the removal of 

structural N groups (pyridine and pyrrolic N). 

Table 3.18. Carbon, nitrogen and oxygen content (at. % determined by XPS) of the 220 ˚C NH3- 

treated L (LNR220) before and after annealing at 500 ˚C, 800 ˚C, and 1050a ˚C under argon. The 

concentration of the species was determined by XPS analysis. (*) These energies could be 

contributed either by aliphatic functionalities (CONH2/CNH2) or by structural pyridinic (C5N:) 

and pyrrolic (C4N:) groups. 

Specie 

Sample 

LNR220 
LNR220-
500Ar 

LNR220-
800Ar 

LNR220-
1050Ar 

C content 
(at. %) 

RC=CR 40.5 46.9 51.1 50.7 

Functionalized carbon 41.0 38.4 37.3 40.5 

Total 81.5 85.3 88.4 91.2 

N content 
(at. %) 

Pyridinic N (C5N:) 2.9* 2.9 2.1 1.2 
Pyrrolic N (C4N:) 4.7* 2.1 1.6 0.9 
Graphitic N (C4N+) 1.6 1.0 1.0 1.0 

Pyridinic N+-O-(C4N+-O) -- 0.6 0.7 0.9 
Total 9.2 6.6 5.4 4.0 

O content 
(at. %) 

-O2CR 4.3 4.0 3.2 3.1 
OCR2 2.6 3.8 2.0 1.0 
-OCR3 2.4 0.3 0.9 0.5 

PhOCOOPh -- -- 0.1 0.2 
Total 9.3 8.1 6.2 4.8 
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It is worth nothing that the constant amount of the pyridinic/amide mitrogen after the 

500 ˚C annealing reveals that internal rearrangements can occur when post-synthesis 

treatments are carried out. Thermal treatments produce the conversion of the aliphatic 

moieties into structural nitrogen (pyridinic N), which can be in the form of neutral 

species or positive fractions stabilized by oxygen atoms. When the LNR220 sample is 

treated at 800 °C and 1050 ˚C the same trend is observed. However, the decrease in the 

298 eV signal (pyridinic N) is attributed to the formation of positive charged groups by 

interaction with oxygen-containing moieties (0.7 at. % N) as well as the elimination of 

these groups from the N-doped RGO lattice, which is favored at higher temperatures. 

Apparently the presence of the pyridine N-oxide groups contributes to the enhancement 

of the thermal stability of the materials. The higher concentration of these 

functionalities is observed in LNR220-1050Ar (0.9 at. % N), which in turn has the 

highest onset of combustion (578 ˚C, Table 3.17). 

Treatment under argon at 800 ˚C produces samples with a high level of reduction (up to 

51.1 at. % of sp2 C) but with a lower decrease in the nitrogen content compared to sam- 

Table 3.19. Composition of carbon, nitrogen and oxygen present in ammonia-treated L samples 

(220 ˚C and 500 ˚C) before and after annealing at 800 °C under argon. The atomic content was 

determined by XPS analyses. (*) These values could correspond to aliphatic functionalities 

(CONH2/CNH2) or by structural pyridinic (C5N:) and pyrrolic (C4N:) groups. 

Specie 
Sample 

LNR220 LNR500 
LNR220-
500Ar 

LNR220-
800Ar 

LNR500-
800Ar 

C content 
(at. %) 

RC=CR 40.5 43.1 46.9 51.1 43.6 

Functionalized carbon 41.0 42.4 38.4 37.3 43.4 

Total 81.5 85.5 85.3 88.4 87.0 

N content 
(at. %) 

Pyridinic N (C5N:) 2.9* 3.8 2.9 2.1 2.4 
Pyrrolic N (C4N:) 4.7 3.4 2.1 1.6 1.8 
Graphitic N (C4N+) 1.6 1.3 1.0 1.0 1.0 

Pyridinic N+-O-(C4N+-O) -- -- 0.6 0.7 0.6 
Total 9.2 8.5 6.6 5.4 5.8 

O content 
(at. %) 

-O2CR 4.3 2.6 4.0 3.2 4.1 
OCR2 2.6 2.3 3.8 2.0 2.1 
-OCR3 2.4 1.1 0.3 0.9 0.8 

PhOCOOPh -- -- -- 0.1 0.2 
Total 9.3 6.0 8.1 6.2 7.2 
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Figure 3.25. Thermal stabilities of the N-containing RGO materials (LNR220 and LNR500) after 

treatment at 800 °C under argon. The TG curves of the 500 °C and the 800 °C N-doped samples 

(LNR500 and LNR800 ) are included for comparison. Analyses were performed under flowing air 

at a heating rate of 10 °C.min-1. 

ples prepared by annealing at 1050 ˚C. In the case of the LNR220-800Ar and the 

LNR500-800Ar the total contribution of N-containing six-membered rings amounts to 

2.8 at. % and 3.0 at %, respectively (Table 3.19). Again, these species contribute to the 

stabilization of the conjugated system, which would explain the higher thermal stability 

of the Ar-treated materials against their N-doped counterpart (800 ˚C NH3 treated L, 

Figure 3.25).  

500 °C and 800  argon-treated materials show similar onsets of combustion than the °C

LNR500 sample (Table 3.20). Nevertheless, structural differences are clearly visible in  

Table 3.20. Onset of combustion temperature in air of the nitrogen-containing materials 

(LNR220 and LNR500) before and after 500 ˚C and 800 ˚C treatments under argon. The data of 
the 800 ˚C N-doped RGO (LNR800) is included for comparison. 

Sample Onset of Combustion 

LNR500 566 °C 
LNR220-500Ar 557 °C 

LNR800 471 °C 
LNR220-800Ar 550 °C 
LNR500-800Ar 559 °C 
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the XPS analyses. The 500  N-doped RGO has the highest contribution of stable six- °C

membered-containing nitrogen rings. As discussed before, the stability of the sample is 

not governed by a single group. In this case, despite that the pyridinic N as well as the 

graphitic groups (with stable concentration) should produce a later combustion of the 

sample, the presence of a 3.4 at. % of pyrrolic N certainly plays a negative role. 

However, considering the pyridinic N-oxide groups in the LNR220-500Ar, there are not 

significant differences in the content of six-membered species between this sample and 

the LNR500 (Table 3.19). This way, treatments at the same temperature produce 

similar content of a specific functionality, as long as the specie is stable at the chosen 

annealing temperature. The thermal stability of the samples does not show an increase 

when increasing the temperature until 800 °C (Figure 3.25) under argon. The 

treatment produces a slight decrease in the oxygen content and a higher restoring of 

the conjugation (Table 3.19), nevertheless the decrease in the total content of nitrogen 

(5.4 at. % N and 5.8 at. % N) has negative effect on the final onset of combustion of the 

materials. 

The LNR500 sample was also treated at 800  under argon. The obtained material has °C

a similar amount of nitrogen than LNR220-800Ar, resulting in a similar onset of 

combustion. The presence of PhOCOOPh groups is observed in the LNR500-800Ar 

sample (Table 3.19). The formation of these groups is favored in materials with higher 

content of oxygen, since they are not present in 800 ˚C N-doped RGO treated under Ar. 

Interestingly N-doping and Ar- treatments at 800 ˚C lead to similar concentrations of 

nitrogen within the samples (5.5 at. % N, 5.4 at. % N and 5.8 at. % N for LNR800, 

LNR220-800Ar and LNR500-800Ar respectively), which confirms that the final content 

of nitrogen within the N-doped RGO samples is governed by the temperature of 

treatment. 
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 3.6. Conclusions.  

 N-containing RGO samples with high concentrations of nitrogen (up to 

14.7 wt. %) have been prepared by gas phase treatments of GO with pure 

ammonia gas. 

 A proper assessment of the structural composition of N-containing RGO 

has been carried out, employing several complementary techniques which 

include not only XPS (being the most widely employed technique), but also 

FT-IR, UV-Vis, TGA and contact angle measurements. Thus, a toolbox for 

the identification of the N-bearing moieties present in N-based graphene 

materials is proposed. 

 The temperature of treatment plays an important role in the formation of 

the N-based moieties. Low temperature treatments result in the formation 

of amine and amide groups (N-functionalization), while annealing at 

temperatures above 500 °C produce the incorporation of structural 

nitrogen into the RGO lattice (N-doping).  

 Experimental data and thermodynamic calculations indicate that N-doping 

increases significantly the thermal stability against combustion of 

graphene-based materials.  

 Ammonia is a powerful reducing agent and highly reduced samples (ca. 2 

at. % O) were obtained after ammonolysis treatments, which are 

comparable with previous reports employing higher temperature and 

reducing conditions, such as Ar/H2, 1050 °C.  

 Graphitic nitrogen is the most stable specie among the structural N-

containing moieties. Ar/H2 treatment of N-containing RGO produces an 
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abrupt decrease of these groups (as well as the pyridinic and pyrrolic N), 

being responsible of the earliest combustion in air of the post-treated 

samples.  

 Annealing of the N-containing RGO samples under argon produces internal 

rearrangements. Upon treatment, N-functionalized samples suffer the 

elimination of the aliphatic N-moieties, which in some cases can be 

introduced into the lattice as structural groups (mainly pyridinic N). 

Additionally, N-containing six-membered rings can interact with oxygen 

atoms, producing the formation of pyridine N-oxide species.  

 Thermal stability of the samples is mainly governed by the variation in the 

N-species, being favored by the presence of pyridine N-oxide moieties into 

the lattice of the post-annealed N-containing RGO. However, the restoring 

of the conjugated system by the elimination of O-bearing functionalities 

might have a positive influence in the thermal response. 
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Chapter 4.  

Filling of carbon nanotubes with 

inorganic materials.  

This chapter describes the synthesis and characterization of new 

inorganic nanostructures prepared by filling of multiwalled carbon 

nanotubes. The preparation of high quality single-layered inorganic 

nanotubes grown within multiwalled carbon nanotubes employing 

different metal halides is described. For this purpose an exhaustive study 

considering the influence of the treatment conditions was carried out. 

Finally, the use of fullerenes as versatile agents to “cork” the open tips of 

the carbon nanotubes or as promoting species for the release of the 

inorganic material contained within the cylindrical cavity of the 

nanotubes was studied. 
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 4.1. Introduction. 

The formation of low dimensional systems with quantum confinement of electrons 

provides a pathway for tuning the optical, electrical and thermoelectrical properties 

of crystalline structures.[202] As a consequence a wide variety of approaches have 

been explored in order to synthesize and control the characteristics of one 

dimensional (1D) materials, such as size and crystal structure.[203] Template-

directed synthesis represents a convenient and versatile route for the growth of 1D 

systems and both organic and inorganic–based materials are being employed as 

templates.[204] For instance, Zhang et al. reported the preparation of discrete Bi 

nanowires from a porous alumina template[202] and Hong et al. have shown that 0.4 

nm 1D silver wires can be extracted from the nanochannels of calyx-3-hydroquinone 

via photochemical reduction of incorporated Ag+ ions.[205] In this sense, carbon 

nanotubes (CNTs) are an attractive alternative to produce discrete atomically 

regulated structures due to the presence of an inner cavity which is susceptible of 

being filled with a wide variety of materials.[126] CNTs can have diverse diameters, 

lengths, and conformations. Single walled carbon nanotubes (SWCNTs) have been 

successfully employed to grow and tune the characteristics of materials with different 

crystallization behavior being metal halides the most widely investigated.[206] In 

general, the confinement of materials within the walls of CNTs results in the 

formation of molecular entities, nanoclusters or nanowires which can in turn alter the 

physical and chemical properties of the hosting template, expanding its application 

from molecular magnets[207] to biomedicine.[208] The isolation of single-layers of 

2D Van der Waals solids is getting an increased attention. Nanoribbons of 

graphene[209] and metal dichalcogenides (MoS2, WS2)[128, 210] have been 

synthesized within the cavities of single and double-walled CNTs, whereas rolled up 

2D sheets of metal halides (PbI2), resulting in seamless single-layered nanotubes, 

have been grown using multiwalled carbon nanotubes (MWCNTs) as templates.[129] 
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A recent theoretical study by Zhou et al. reveals that these confined PbI2 single-

layered nanotubes can substantially enhance the visible light response, suggesting 

potential applications in novel 2D optoelectronics and photovoltaics.[211] Despite 

their interest, the number of reports on single-walled inorganic nanotubes is limited 

due to the formation of their multi-walled counterpart is favored during the 

synthesis.[212] Besides, a detailed analysis taking into account the variables involved 

in the synthesis process is necessary. Therefore, the possibility of growing single-

layered nanotubes using CNTs as directing agents opens up a new synthetic strategy 

for the development of advanced nanomaterials that particularly combine the 

characteristics of both 2D and 1D materials.[213]  

The hollow cavities of CNTs are useful not only as nanoscale templates for the 

synthesis of nanocomposites or nanostructures. Endohedral functionalization 

provides an alternative toward isolating materials within the CNTs cavities, 

preventing any undesirable interaction with outer species which can modify the 

properties of the inner material or even produce the degradation of its structure. As 

mentioned in the introductory section, different approaches can be employed in order 

to fill materials within CNTs. However, a key factor to obtain a high filling yield is 

having CNTs with opened ends.[214] Regardless of the method used for the 

encapsulation of materials inside CNTs an excess of the filling agent is typically 

employed,[126, 215] and thus an important amount of material remains outside the 

nanotubes after the filling step. The filling process is usually reproducible; 

nevertheless, the presence of external material hinders the quantification of the filling 

yield. Furthermore, the removal of the non-encapsulated compounds is necessary to 

allow a proper characterization of the sample as well as to determine how the inner 

material modifies the properties of the CNTs. Otherwise, the properties of the sample 

cannot be exclusively attributed to the confined species but also to the presence of 

material external to the CNTs.[216] An area in which filled carbon nanotubes have 

been extensively studied is in the biomedicine field.[208] However, applications for in 



4.1. Introduction 

 

 

107 

vivo imaging, drug delivery or tumor targeting require the absence of species 

remnant from the filling process attached to the outer surface of the CNTs.[147]  

The easiest procedure to clean external material from the sample involves the use of 

solvents which in general are also capable to dissolve the filling agent. Therefore, 

unless the encapsulated material has a strong interaction with the CNTs, this 

approach not only removes the external compounds but also washes out the confined 

nanostructure, since the ends of the CNTs are opened.[217] In the case of SWCNTs, it 

has been reported that the ends can be closed by high temperature treatments (ca. 

900˚C);[218] thus allowing the removal of the external material whilst preserving the 

encapsulated compounds. In case of MWCNTs, closing their ends by high temperature 

annealing is much more difficult, due to the presence of a larger cavity. A much higher 

energy and hence extremely high annealing temperatures would be necessary to 

induce the closing, which requires the formation of C-C bonds generating high 

curvature strain.[219] Nevertheless, a wide range of substances can be decomposed 

at high temperature and an alternative strategy for sealing up the ends of the 

nanotubes is required. A. Capobianchi et al. proposed the impregnation of the open 

ended filled MWCNTs with a solvent unable to solubilize the filling agent when 

entering into the hollow cavity by capillarity. Afterwards a washing solvent could be 

added to the mixture without affecting the inner material (provided both liquids 

present a low miscibility).[220] However, the resulting filling yield is low and the 

elimination of the protecting solvent could be problematic.  

Taking advantage of the strong affinity of fullerenes to enter into the inner cavities of 

SWCNTs, these molecules has also been employed as corking agents for the 

containment of materials previously confined within the cavities of SWCNTs.[221] 

The preparation of SWCNTs filled with fullerenes; usually called nanopeapods (NPPs) 

has been widely studied. The interaction mechanisms between the nanotubes and 

fullerenes involved in the filling process as well as the behavior of the C60 upon 

encapsulation have attracted much interest due to the particular structures that can 
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be formed.[222] Theoretical studies have shown that under the appropriate energetic 

conditions fullerenes could be initially adsorbed onto the external walls prior to 

encapsulation,[223] and coalesce after confinement.[224, 225] Besides, SWCNTs with 

the appropriate diameter are able to perfectly accommodate a single molecule of C60 

within its two walls,[226] whose proximity allows a strong interaction between the 

buckyball and the nanotube. J. Sloan et al. showed that the presence of fullerenes 

within the hollow cavity of SWCNTs prevents the introduction of other foreign 

materials.[227]  

Another important issue usually considered for some of the potential applications of 

filled nanotubes is the controlled release of the encapsulated material. This process 

requires breaking energy barriers that can be present due to attractive interactions 

stablished between the inner structures and the hosting CNTs after filling.[228] 

Releasing and transport mechanisms of liquid[229] or gaseous[230] substances, as 

well as the assisted removal of the filled materials have been explored.[229, 231-233] 

Considering the high affinity and strong intermolecular forces which can exist 

between fullerenes and CNTs, theoretical studies on the capability of fullerenes in 

displacing different species from the cavities of SWCNTs have been carried out;[234, 

235] nevertheless, such studies have not been reported to date for MWCNTs.  
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 4.2. Objectives. 

 To use MWCNTs as directing agents for the growing of single-layered 

inorganic nanotubes. 

 To explore the influence of the temperature of treatment in the formation of 

different nanostructures within MWCNTs. 

 To explore the potential usefulness of fullerenes as corking agents for filled 

MWCNTs, avoiding the release of the inner material during the washing 

process.  

 To explore the capacity of fullerenes to induce the release of inorganic 

nanostructures present within MWCNTs.  
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 4.3. Purification of multiwalled carbon nanotubes. 

Commercially available chemical vapor deposition (CVD) MWCNTs have been used 

employed for the preparation of different inorganic nanostructures. During the CVD 

process, besides the tubular structures, amorphous carbon and graphitic particles are 

also generated. Among the different techniques that have been used to remove the 

additional material and the remaining catalyst, steam treatment is one of the most 

useful approach. This procedure not only eliminates the undesired particles present 

into the sample, but also causes the opening of the ends of the nanotubes. Being a mild 

oxidant agent, annealing of the sample under steam does not produce the formation of 

defects by the introduction of oxygen bearing functionalities along the walls of the 

nanotubes, interacting selectively with the amorphous carbon and graphitic particles. 

Furthermore, the treatment allows the shortening of the nanotubes due to the most 

reactive tips are easily oxidized. This way, specimens with different length can be 

obtained by controlling the time of treatment.[82, 146, 236]  

Since this methodology has been widely studied, MWCNTs were purified following this 

same protocol. 250 mg of as-received material (previously grinded with mortar and 

pestle) were placed in a silica tube of 25 mm diameter, and then introduced into an 

alumina furnace tube. Samples were annealed at 900 °C under steam, after purging the 

system during 2 hours with argon. Steam was introduced by bubbling the inert gas 

through hot water (98 °C). Argon was employed as carrier gas and to keep the system 

free of oxygen. After the treatment, the furnace was cooled down to room temperature. 

Subsequently, the sample was collected and stirred at 110 °C in 100 mL of a 6M HCl 

solution during 6 hours. Acid treatment allows the removal of the metallic particles 

exposed after the oxidation of the graphitic shells that coat them. The mixture was then 

filtered using a 0.2 µm polycarbonate membrane, washed until neutral pH and dried 

overnight.[146] The purification time was chosen according to the desired application. 
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 4.4. Synthesis of single-layered inorganic nanotubes 

encapsulated within multiwalled carbon nanotubes. 

CeCl3 and CeI3 single-layered inorganic nanotubes (SLINTs) encapsulated within 

MWCNTs were prepared by molten phase capillary wetting.[237] 5 mg of purified and 

open ended MWCNTs, obtained after 5 h of steam treatment,[238] were annealed 

during 12 h in presence of 200 mg of CeCl3 at 850 °C or 100 mg of CeI3 at 800 °C; ca. 30 

°C above the melting points of the salts (817 °C and 766 °C respectively). Before 

treatments, both MWCNTs and the cerium-based compound were homogeneously 

mixed by grinding in an agate mortar and pestle, transferred into a silica ampoule and 

the system was sealed under vacuum. After cooling, the silica ampoules were opened 

under argon and the samples were characterized by electron microscopy analysis. A 

High Resolution Transmission Electron Microscopy (HRTEM) image of a CeI3@MWCNT 

is shown in . A single layered CeI3 nanotube (pointed by a white arrow) is Figure 4.1

easily differentiated from the walls of the carbon nanotube due to the difference of 

contrast.  

 
 Figure 4.1. HRTEM image of a CeI3 inorganic single-layered nanotube confined within a MWCNT.

Apart from the successful formation of inorganic nanotubes, thermal treatment also 

results in the formation of other nanostructures of both CeCl3 and CeI3 inside the CNTs 

( ). These other nanostructures mainly take the form of nanorods (a-b) but me- Figure 4.2
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Figure 4.2. High-resolution transmission electron microscopy (HRTEM) images of (a) a CeI3 
nanorod, (b) a CeI3 nanosnake and (d) CeCl3 nanoparticles contained within purified multiwalled 
carbon nanotubes after molten phase capillary wetting. (d) The presence of different inner 

 nanostructures can be clearly differentiated from empty areas inside the CNT.

tal halide nanoparticles have also been observed inside few CNTs (c). When nanorods 

are present, these can either completely (a) or partially (b) fill the hollow cavity of the 

CNTs, the latter adopting polycrystalline snake-type morphology.3[239] The 

coexistence of different types of inorganic nanostructures inside an individual CNT has 

also been observed. A clear differentiation between the nanotubes and nanorods can be 

tructures obtained by visual inspection of TEM images (d). In most cases crystalline s

                                                                 

3 To discern between both types of structures they will be referred as nanorods and nanosnakes, 

respectively. 
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are observed for the confined metal halides. The spacing of the lattice fringes can be 

clearly distinguished when both SLINTs and nanorods confined within carbon 

nanotubes are analyzed. The 3.14 Å layer separation measured in the nanorod 

presented in  (a) is in good agreement with the (130) plane of bulk CeI3, Figure 4.2

showing an orthorhombic structure. Otherwise, when nanosnakes contained within 

MWCNTs is analyzed multiple planes of crystallization are observed (b).[240]  

To unambiguously identify the possible presence of the inner inorganic nanotubes, 

High-Angle annular Dark Field (HAADF) imaging in High Resolution Scanning 

Transmission Electron Microscopy (STEM) was also performed. Since the constituent 

elements of the employed salts are heavier than carbon (from CNTs) it is possible to 

easily discern the filling material from the host. The contrast of HAADF-STEM images 

(also called Z-contrast imaging) scales approximately with the atomic number. Thus 

heavy elements, metal halides in this case, will appear brighter than light elements, 

such as carbon from the CNTs.[241] Figure 4.3 (a) shows a MWCNT containing 

different CeI3-based nanostructures within its cavity. The inset shows a magnified 

image of a fraction containing a SLINT with its particular tubular appearance. The 

bright lines observed along the inner walls of the CNT can be attributed to CeI3, the 

diameter and shape of the SLINT being determined by the inner cavity of the CNT. In 

order to confirm the presence of the inner nanostructure, the intensity profile of an 

empty area of a MWCNT was compared with a CeI3 nanotube grown within the 

template (Figure 4.3 (b)). As shown in the obtained profiles, CeI3 SLINT produces two 

narrows peaks (red line) with a high intensity. In contrast, the empty fraction of the 

CNT produces a broad and weak signal (blue line) due to the lower weight of the 

constituent carbon atoms. The higher intensity in the CNT walls against the central area 

due to the overlay of a higher number of atoms is an evidence of the presence of a 

hollow structure. When the same analysis is performed on a fraction of a MWCNT 

containing a CeI3 nanorod and a SLINT, both types of structures can be easily 
discerned by visual inspection of the Z-contrast  
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Figure 4.3. HAADF STEM images of (a) both CeI3 tubular nanostructures and nanorods grown 

within a MWCNT. The inset shows a magnified area containing the CeI3 SLINT. (b) Comparison of 

the intensity profiles of an empty and a CeI3 SLINT-containing area of a MWCNT.  

 
Figure 4.4. Intensity profiles of two segments of a MWCNT containing a nanotube (red line) and 

a nanorod (green line) of CeI3.  
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Table 4.1. Numerical data collected after counting the number of the different types of inner 

nanostructures present in the samples of purified MWCNTs mixed with either CeI3 or CeCl3 after 

annealing at different temperatures. 

Sample 
# of 

images 

Nanotubes Other nanostructures 

Long /Short Nanoparticles Nanosnakes Nanorods 

CeI3@MWNCTs, 800 °C 217 16 /-- 7 184 10 
Frequency (%)  7.4 /-- 3.2  84.8  4.6  

CeI3@MWNCTs, 900 °C 219 42 /5 -- 153 19 
Frequency (%)  19.2 /2.3  -- 69.8  8.7  

CeCl3@MWNCTs, 850 °C 578 98 /9 6 441 24 
Frequency (%)  17 /1.6  1 76.3  4.1  

CeCl3@MWNCTs, 1000 °C 171 1/4 -- 163 3 
Frequency (%)  0.6 /2.3  -- 95.3  1.8  

STEM image (Figure 4.4). However, further evidence can be provided by comparing the 

intensity profiles across the area presenting the inorganic nanotube fragment (red area, 

A) and the one containing the nanorod (green area, B). In case of the inner nanorod the 

highest intensity detected in the central space of the analyzed area confirms the 

complete filling of the host. In contrast, the intensity profile of the tubular fraction 

shows the highest intensity at the edges, which evidences the presence of a ca. 5.8 nm 

hollow structure. Moreover, in most of cases the inner nanorod appears to be confined 

within the CeI3 tubular nanostructure and the carbon nanotube walls are clearly 

differentiated, presenting a lower detected intensity. The successful formation of 

single-layered CeCl3 and CeI3 nanotubes confirms that the use of CNTs as hosts for the 

formation of inorganic nanotubes is not limited to PbI2 (only example available to date 

in the literature)[129] but is a versatile methodology where different metals (Ce 

instead of Pb) and anions (Cl instead of I) can be used to fill the CNTs. 

The frequency (%) of the synthesized inorganic nanostructures was additionally 

explored. To have statistically significant data, the evaluated population comprised not 

less than 150 individual specimens containing inner nanostructures (from at least three 

different annealing treatments) and empty MWCNTs were not considered. In both 

CeCl3@MWCNTs (850 °C) and CeI3@MWCNTs (800 °C) the amount of CNTs filled with 

crystalline nanotubes was remarkably lower (18.6 % and 7.4 % respectively) compared 
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Table 4.1to the different structures previously mentioned ( ). It is also worth pointing 

out that when CeCl3 was employed for filling the amount of inorganic nanotubes was 

markedly higher compared to CeI3. However, a lower frequency of nanorods was 

observed for CeCl3. As the temperature is a key factor in the molten filling process,[95] 

we have investigated the role of this parameter on the formation of nanotubes and other 

inorganic nanostructures. Therefore, the temperature employed for the encapsulation 

of CeI3 and CeCl3 was increased by annealing their mixture with CNTs at 900 °C and 

1000 °C respectively. For ease of comparison, treatment time and heating rate were 

kept invariable.  

Figure 4.5 shows the amount of the different types of inorganic nanostructures present 

inside MWCNTs after the annealing treatments. In case of CeCl3@MWCNTs, a 150 °C 

increase in the temperature of synthesis results in a lower frequency of inner 

°C °Cnanotubes (18.6 % at 1000  to 2.9 % at 850 ). In contrast, when CeI3 was employed 

for filling the inverse trend was observed (Figure 4.5, (a)) and the amount of SLINTs 

showed a significant increase, ca. 190.5 %, compared to the samples treated at lower 

°C of the different types of nanostructures temperature (800 ). A detailed analysis 

grown within the MWCNTs with respect to the temperature of treatment is presented in  

 
Figure 4.5. Bar diagram showing the distribution (frequency, %) of the different CeCl3 and CeI3 

inner structures grown within multiwalled carbon nanotubes after annealing treatments. 



4.4. Synthesis of single layered inorganic nanotubes encapsulated within MWCNTs. 
 

 

117 

 
Figure 4.6. TEM images of (a) long CeI3 single-layered nanotube, (b) short CeCl3 nanotubes and 

(c) ZnI2 short nanotubes grown within MWCNTs.  

Figure 4.5 (b). CeCl3 and CeI3 inorganic nanotubes can be present as "short" (bubble 

like nanostructures) or "long" nanotubes (see Figure 4.6), and can be distinguished in 

this analysis. In most cases short nanotubes were grown as at least three consecutive 

close-ended hollow nanostructures. As expected a lower contrast is presented by the 

CeCl3 nanostructures compared to the iodinated salt by electron microscopy analysis. 

For both, CeI3 and CeCl3 nanostructures, the presence of long nanotubes was clearly 

higher than the short ones in all the prepared samples. The distribution of CeI3 grown 

nanotubes followed the same trend when the temperature of treatment was increased. 

This way, the samples treated at the lowest temperature (800 °C) showed a lower 

frequency of both long CeI3 nanotubes (7.4 %) and short nanostructures (without any 

observed specimen), in comparison with the 900 °C treatment (19.2 % and 2.3 % 

respectively). In contrast, in CeCl3@MWCNTs samples the higher temperature of 

treatment (1000 °C) produces a negligible frequency of long inorganic nanotubes (0.6 

%) against a 17 % present in the sample treated at 850 °C. Surprisingly, the inverse 
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trend was observed for short nanotubes, with a slight increase of these structures at 

1000 °C (1.6 % at 850 °C to 2.3 % at 1000 °C). Let us now analyze the presence of 

nanorods and other types of structures. First of all, MWCNTs filled with nanoparticles 

were exclusively produced (and in a minor frequency, 1%-3.2 %) when the lower 

temperatures of treatment were used; at the higher temperatures of treatment these 

structures were not present. Interestingly, despite the formation of nanosnakes showed 

the same trend observed for “other nanostructures” (Figure 4.5 (a)), the fraction filled 

with nanorods showed an inverse trend for both CeCl3 and CeI3. CeCl3 presented a less 

trend to crystallize filling the entire cavity of the hosting template (1.8 % of the total 

analyzed fraction) compare to CeI3, despite that higher temperatures of treatment were 

employed for the former. 

Taking into account that marked differences were observed with slight variations in the 

treatment conditions, and since the explored compounds only allow working at a 

limited range of temperature (as cerium halides have significant high melting points), 

the use of an alternative material was considered. In order to better understand the 

role of the temperature on the formation of the different types of inorganic 

nanostructures steam treated MWCNTs were filled with ZnI2. This material was 

selected since it is also a layered Van der Waals solid,[242] it has a relatively low 

melting point (446 °C) and a calculated low surface tension of the melt.[243] The latter 

is a key parameter since liquids with low surface tensions will most readily wet the 

CNTs.[244] Moreover, the presence of the strongly scattering halogen (I, Z= 53) allows 

an easy differentiation of the grown structures by TEM analyses.[241] Following the 

same criteria employed for the cerium halides, a mixture of 10 mg of purified MWCNTs 

(5 h, steam) and 300 mg of ZnI2 was annealed under vacuum at about 30 °C above the 

melting point of ZnI2 (475 °C).[245] The resulting mixture was analyzed by STEM which 

allows confirming the successful growth of single-layered ZnI2 nanotubes confined 

inside the carbon nanotubes. Figure 4.7 shows HAADF images of the sample. Low 

magnification image (a) shows an overview of the inner structures formed after annea- 



4.4. Synthesis of single layered inorganic nanotubes encapsulated within MWCNTs. 
 

 

119 

 
Figure 4.7. (a) Low magnification STEM image of ZnI2@MWCNTs prepared at 475 °C, (b) 

crystalline patterns of ZnI2 inside a MWCNT, (c) HAADF STEM images of two adjacent MWCNT 

containing both, an inner nanotube as well as a nanorod (A and B arrowed sections respectively). 

 ling the MWCNTs/ZnI2 mixture at 475 °C. In case of the ZnI2 nanorods (b), the 

crystalline structure was also confirmed by measuring the lattice fringes.[246] HAADF 

imaging clearly distinguishes the heavy elements of the tubular structure (placed at the 

edges) (c-A), from the inorganic nanorod (c-B) present into two adjacent MWCNTs. 

The intensity profile across an area containing a specimen of the 475 °C treated sample 

(red line, Figure 4.8 (a)) is in good agreement with the presence of a SLINT since a 

sharp and high intensity is observed following the inner walls of the CNT. In this case, 

the diameter of the ZnI2 nanotube is 5.6 nm. EDX analysis confirms the presence of the 

constituent elements, Zn and I (c). The presence of copper, aluminum and Si arises from 

the support and from de silica ampoule employed for the synthesis, respectively. 

Finally, a schematic representation of a SLINT having the same diameter that the one 

observed in the experimental image is included in Figure 4.8 (d).  
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Figure 4.8. (a) HAADF-STEM image of ZnI2@MWCNTs with its respective intensity profile along 

the red line (b). (c) EDX analysis confirming the presence of C, both Zn and I in the sample along 

with C (from the CNTs); Al and Cu signal arise from the support employed for the analysis, 

whereas the Si peak comes from the silica ampoule employed for the synthesis. (d) Schematic 

representation of a single-layered ZnI2 nanotube with the diameter observed in the experimental 
image, projected along the main axis and cross section. 

To complete the study, additional samples were prepared by annealing a mixture of 

ZnI2 and CNTs at 575 °C, 700 °C and 1000 °C. The structure of the encapsulated 

compounds was determined on more than 190 filled nanotubes for each sample. Figure 

4.9 (a) shows a low magnification TEM image of ZnI2@MWCNTs prepared at 700 °C. As 

previously found for Ce-based materials, the formation of crystalline nanorods (b) as 

well as single-layered ZnI2 nanotubes is observed. A HRTEM recorded image (c) shows 

the distinctive curvature of the inorganic nanotube grown within the MWCNT. After the 

annealing treatments, the distribution of the obtained structures was also analyzed. 

Different temperatures of treatment produce significant variations in the frequency of 

filled inorganic nanotubes and other types of nanostructures. As it can be seen in 

Table 4.2, an overwhelming increase on the amount of nanotubes is observed when in- 
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Figure 4.9. (a) Low magnification TEM image of ZnI2@MWCNTs prepared at 700 °C. (b) TEM of 
a ZnI2 nanorod and (c) HRTEM of an inner ZnI2 nanotube inside MWCNTs. (b) and (c) have been 

grown at 1000 °C. 

Table 4.2. Effect of the treatment temperature in the distribution of nanotubes and other 

nanostructures confined within MWCNTs. 
Temperature 
of filling 

# of 
images 

ZnI2 nanotubes Other nanostructures 

Long /Short  Nanoparticles Nanosnakes Nanorods 

475 °C 443 70/25 -- 324 24 

Frequency (%)  
15.8/ 5.6  -- 73.2  5.4  

21.4  78.6  
575 °C 426 72/38 -- 258 58 

Frequency (%)  
16.9/8.9  -- 60.6  13.6  

25.8  74.2  
700 °C 328 86/38 -- 94 110 

Frequency (%)  
26.2/11.6  -- 28.7  33.5  

37.8  62.2  
1000 °C 191 116/8 1 39 27 

Frequency (%)  
60.7/4.2  0.5 20.4  14.2  

64.9  35.1  
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Figure 4.10. Bar diagram showing the distribution (frequency, %) of ZnI2 inner nanostructures 

grown within MWCNTs after annealing treatments. 

creasing the temperature of the synthesis from 21.4 % (at 475 °C) up to 64.9 % (at 

1000 °C). The remnant, referred to as “other structures” includes MWCNTs filled with 

ZnI2 forming inner nanorods and nanosnakes. Obviously, the continuous increase of the 

amount of ZnI2 nanotubes upon increasing the temperature of synthesis, results in a 

proportional decrease of the amount of other nanostructures present inside CNTs 

(Figure 4.10). This is in good agreement with the trend observed for CeI3 nanotubes 

and corresponds to a threefold enhancement of the formation of SLINTs. A detailed 

analysis of the grown structures reveals the presence of both long and short nanotubes, 

with similar characteristics to the CeI3 and CeCl3 samples (Figure 4.6 (c)). Again the 

amount of long nanotubes is always higher than the amount of short nanotubes for a 

given sample. Interestingly, a different trend is observed for the formation of short and 

long inorganic nanotubes upon increasing the temperature of the synthesis. In the case 

of long nanotubes, an increase in temperature produced a significant and continuous 

increase in the frequency of this type of nanostructures (from 15.8 % at 475 ˚C to 60.7 

% at 1000 ˚C). In contrast, in the case of short nanotubes, although at lower 

temperatures there is also an increase towards the formation of this type of structures, 

an inflection point is clearly visible at 700 ˚C and the lowest amount of short nanotubes 

is recorded at 1000 ˚C (4.2 %). This implies that at 1000 ˚C not only the formation of 

inorganic nanotubes is favored over other nanostructures but also the ZnI2 nanotubes 
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obtained at this temperature will be longer than 35 nm (long nanotubes). To complete 

the study, the distribution of the other filled nanostructures was analyzed. ZnI2 

inorganic nanoparticles were not observed in most of the samples, except for the 

sample treated at 1000 °C, where only a 0.5 % was detected (Table 4.2). Concerning to 

other nanostructures, the presence of nanosnakes was inversely proportional to the 

treatment temperature following the general behavior previously observed. 

Interestingly, again an inflection point is observed at 700 ˚C for the ZnI2 nanorods 

which follows a similar trend than that found in short nanotubes, with a maximum at 

700 ˚C (33.5 %) and showing an abrupt decrease for the sample treated at 1000 ˚C 

down to 14.2 % (Figure 4.11 (b)). The frequency of inorganic nanotubes showed a 

20.6 % increase when compared to the initial treatment temperature and as a direct 

consequence filled host registered a 5.6 % decrease. Additionally, the 700 °C treatment 

(225 °C above the initial temperature of treatment) a 76.6 % increase in the frequency 

of ZnI2 nanotubes was observed. In contrast the presence of filled hosts showed a 

marked decrease (78.6 % to 62.2 %). Following the same trend the sample prepared at 

1000 °C presented the highest frequency of inorganic nanotubes (64.9 %) which agrees 

with the values shown for the CeI3 nanotubes previously grown with MWCNTs (Table 

4.1). In this manner, the higher the temperature of treatment, the higher the frequency 

of single layered ZnI2 nanotubes and the lower the presence of other nanostructures. 

Now, considering the experimental data, 700 °C appears to be a critical temperature in 

the formation of the mentioned structures. Apparently the fact that the filling process is 

taking place above the boiling point of the ZnI2 bulk (625 °C)[245] favors a more 

ordered crystallization of the material inside the hosting template. As a consequence, 

the highest decrease in the frequency of the partially filled MWCNTs is observed at this 

treatment temperature, accompanied to the important increase in both ZnI2 inner 

nanotubes and completely filled MWCNTs (Figure 4.11 (b), green line). Actually, at this 

temperature the frequency of the materials is quite similar, being the unique occasion 

where the frequency of nanorods exceeds the nanosnakes one (33.5 % and 28.7 % 

respectively). When the temperature increases up to 1000 °C the frequency of the nano- 
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Figure 4.11. (a)Detailed analysis on the effect of temperature towards the formation of ZnI2 

nanotubes, differentiating between long and short. (b) Role of temperature in the formation of 

other ZnI2 nanostructures, different from inorganic nanotubes, namely nanorods and 

“nanosnakes”.  

rods decreases, reversing the trend. This behavior agrees with that observed for short 

nanotubes as shown in Figure 4.11 (a). In this case the absence of small intercalated 

rods contrasts with the presence of ZnI2 nanotubes with a higher length. 

 4.5. Encapsulation of fullerenes: A versatile procedure 

for the confinement and release of materials within open-
ended multiwalled carbon nanotubes. 

 4.5.1. End corking of multiwalled carbon nanotubes with 

fullerenes. 

In this section we report the potential application of fullerenes as corking material for 

the confinement of inorganic nanostructures contained into MWCNTs. PbI2 filled 

MWCNTs were employed to evaluate the capability of fullerenes of blocking the open 

ends of CNTs. PbI2 was chosen as a model compound since both elements Pb and I 

present a high atomic number and thus are easily distinguishable from CNTs when 

these are observed by TEM. In order to prepare the sample, 6 mg of 5 h steam purified 

MWCNTs (see Section 4.3)[238] and 140 mg of PbI2 were ground together with an 
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agate mortar and pestle, and the mixture was transferred to a silica ampoule and sealed 

under vacuum. Afterwards the sample was annealed at 500 ˚C during 12 h (using the 

molten phase capillary wetting method[237]). After cooling down, the ampoule was 

opened under argon atmosphere (glow box) and the encapsulation of PbI2 was verified 

employing TEM and HRTEM analyses.  

 
Figure 4.12. (a) PbI2 filled MWCNTs after molten phase capillary wetting synthesis. (b) HRTEM 

image of a polycrystalline PbI2 nanorod grown within a MWCNT. (c) Detail of an open ended 

PbI2@MWCNT.  

Figure 4.12 (a) shows a low magnification image of PbI2@MWCNTs. As mentioned 

before, the contrast in TEM imaging is highly dependent on the atomic/molecular 

weight of the material. As PbI2 contains relatively heavy atoms, the inner grown 

nanorods can be easily distinguished from the CNTs walls. A polycrystalline PbI2 

nanorod is observed in (b). The spacing of the lattice fringes is in agreement with the 

(100) and (110) planes of bulk PbI2 (Figure 4.12 (b)). Finally a magnification of an 

open ended PbI2@MWCNT is observed in (c). 

C60PbI2@MWCNTs were prepared from PbI2@MWCNTs by a vapor-phase method.[247] 

Temperatures between 300 ˚C and 450 ˚C are considered to provide the energy 
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necessary for the formation of nanopeapods (NPPs),[225] and in situ studies have 

detected mobility of fullerenes along the CNTs walls at ca. 325 ˚C, followed by the 

entrance of fullerenes within the SWCNTs at 350 ˚C.[248] Furthermore, the sublimation 

of C60 molecules, which is necessary for the vapor phase encapsulation,[134] has been 

reported to start at relatively low temperatures (ca. 375 ˚C), being favored under low 

pressure conditions.[249] Thus, the experimental conditions were chosen considering 

these factors. PbI2 filled MWCNTs were homogeneously mixed with fullerenes and the 

mixture was subsequently annealed under vacuum at 400 ˚C during 48 h (inside a 

sealed silica ampoule). Taking into account that the probability of C60 entering into the 

nanotubes decreases with the temperature, higher temperatures of treatment were not 

considered for this study.  

Figure 4.13 (a) shows a low magnification TEM image of a C60PbI2@MWCNTs sample. 

As it can be observed, the presence of the inner nanorods within the hosting nanotubes 

has not been affected by the interaction of fullerenes with the sample, despite its 

affinity with the CNTs. The inset shows a magnification where the presence of 

fullerenes contained in an open-ended MWCNT is appreciated. Additionally a HRTEM 

image of a MWCNT containing both a PbI2 nanotube and fullerenes blocking the opened 

tips is presented (b). The presence of fullerenes on the external walls of the nanotubes 

(pointed by white arrow) is in agreement with theoretical calculations which suggest 

an “optimum” trajectory of the fullerenes when approaching to the CNTs. According to 

the studies of Berber et al.[223] fullerenes may be initially physisorbed on the outer 

wall of the nanotube and subsequently diffuse along the CNT surface. In this manner, 

the corking process involves an initial non-covalent functionalization of the CNTs walls 

with the fullerene molecules before the filling. Afterwards, fullerenes can displace 

either through the defects of the CNT walls or via the opened tips stablishing strong 

electrostatic interactions with the inner surface of the nanotubes. 
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Figure 4.13.(a) C60PbI2@MWCNTs sample. The inset shows a magnified area of an open ended 

CNT containing fullerenes. (b)PbI2 filled nanotube with fullerenes (white arrows) isolating the 

inorganic nanostructure.  

The most common methodology for the elimination of the excess of material which has 

not been filled within the hosting nanotubes consists in carrying out consecutive 

washings with a specific solvent, capable of solubilizing the inorganic material. PbI2 is 

barely soluble in cold water at room temperature (76 mg.mL-1);[245] however its 

solubility increases when the temperature is increased.  Hot water can thus be 

employed to remove the external material present after the synthesis of 

PbI2@MWCNTs. Nevertheless, if the ends of the CNTs are opened, the process also 

washes out the material contained inside the nanotubes. Fullerenes do not present 

chemical affinity for water; for this reason, when these are employed to block the ends 

they shouldn’t be easily removed, acting like “corks” and avoiding the removal of the 

inner nanostructures while the external material is eliminated. In order to confirm this 

hypothesis, 5 mg of C60PbI2@MWCNTs were dispersed (15 min of bath sonication) in 

30 mL of distilled water and refluxed in H2O overnight. The dispersion was filtered with 
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a 0.2 µm polycarbonate membrane, rinsed copiously with water and dried at 60 ˚C 

during 12 h. As a control, PbI2@MWCNTs, without C60 corking were washed following 

the same procedure. After drying both, the opened and the blocked ended 

PbI2@MWCNTs, the samples were characterized using TEM. Figure 4.14 (a) shows a 

low magnification image of the PbI2@MWCNTs (open ended) sample. As it can be 

observed, the inorganic material was removed from the interior of the CNTs and only 

empty MWCNTs can be seen in the sample. In contrast, when the tips of the nanotubes 

were closed with the fullerene molecules, an important amount of PbI2 nanorods 

remained into the hosting cavity of the nanotubes after washing with water. Figure 

4.14 (b) shows a low magnification TEM image of the C60PbI2@MWCNTs after washing. 

Images of individual CNTs containing PbI2 nanorods (pointed by black arrows) as well 

as fullerenes (white arrows) are also included (A-C). The presence of PbI2 inside the 

MWCNTs confirms that fullerenes not only are useful for the isolation of inorganic 

materialinside SWCNTs,[147] but also can be employed for the confinement of 

compounds within tubular carbon nanostructures with larger diameters (MWCNTs). 

 
Figure 4.14. (a) Low magnification image of the PbI2@MWCNTs after washing with water. (b) A-
C show individual nanotubes containing both fullerenes (white arrows) and PbI2 nanostructures 

(black arrows) which have not been removed after washing. A low magnification image (right) 

shows that most of the corked nanotubes maintained its filling after washing.  
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Next, the optimum amount of fullerenes necessary to cork the CNTs was explored. Since 

an important amount of filling agent remains outside the nanotubes, the quantification 

of the ratio between the CNTs and the fullerenes is not possible. However the amount of 

fullerenes was selected in function of the mass of CNTs which was initially mixed with 

the inorganic salt. In this manner, the totality of the sample after the endohedral 

functionalization with PbI2 was mixed in 1:1, 1:2, 1:3 and 1:10 CNTs/C60 ratios. After 

treatment with the lowest amount of fullerenes (1:1 ratio), and despite an important 

fraction of C60 was observed along the CNTs walls and tips, the amount of filled 

nanotubes decreased considerably after washing with water. Meanwhile, when the 

samples were treated with two and three parts of fullerenes, the frequency of filled 

nanotubes observed after washing increased. Finally, the treatment with the highest 

amount of fullerenes (1:10 CNTs/C60) did not show a significant variation in the 

frequency of PbI2@MWCNTs, in comparison with the sample annealed in presence of 

three parts of fullerenes. Moreover, the washing step presented difficulties because a 

thick film of carbonaceous material was deposited on the surface of the washing 

solution. Since the use of the highest amount of fullerenes did not result in an increase 

of filled nanotubes after washing, a 1:3 ratio (filled sample: fullerenes) appears to be 

the highest suitable ratio to be employed for corking. 

In order to confirm that the introduction of C60 molecules within the filled CNTs is 

independent on the filling agent, MWCNTs filled with ZnI2 and CeI3 (Section 4.4) were 

also treated with fullerenes. ZnI2@MWCNTs were prepared by annealing (475 ˚C, 12 h) 

10 mg of purified MWCNTs (5 h, steam) and 300 mg of ZnI2, previously ground together 

and transferred into a sealed silica ampoule under vacuum. Afterwards, 5 mg of ZnI2 

filled MWCNTs were heated during 48 h at 400 ˚C in the presence of 10 mg of fullerenes 

(1:2 ratio). The solubility of ZnI2 in water in normal conditions is considerably high 

(4380 mg.mL-1),[245] and the external material is thus easily removable by simple 

washings with aqueous solutions. Thus, the mixture was refluxed in distilled water 

(overnight) after 15 min of bath sonication. After washing the presence of both ZnI2 
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nanorods and SLINTs encapsulated within the MWCNTs is observed (Figure 4.15 (a)), 

confirming the capability of C60 to block the entry parts of CNTs. Following the same 

protocol, CeI3@MWCNTs were filled employing 10 mg of MWCNTs and 200 mg of the 

cerium halide; the sample being annealed at 900 ˚C (temperatures selected considering 

the melting points of the salt). The corking procedure was performed with the same 

ratio between CeI3@MWCNTs and C60 (1:2, filled sample: fullerenes) and water was 

employed for the subsequent washings. Figure 4.15 shows a specimen of a 

CeI3@MWCNT present in the sample after drying at 60 ˚C (b). Additionally, a MWCNT 

present in the C60ZnI2@MWCNTs sample with its external walls partially covered by 

fullerenes is presented in Figure 4.15 (c). The presence of the C60 molecules blocking 

the CNTs ends can be appreciated confirming its role as blocking agent. In this manner, 

the use of fullerenes is presented as a useful protocol to isolate inorganic halides grown 

within MWCNTs, which allows the removal of impurities remnant after the filling 

process.

 
Figure 4.15. (a) C60ZnI2 @MWCNTs sample. (b) C60CeI3 @MWCNTs sample and (c) Open ended 

MWCNT covered by fullerenes after the C60 corking of filled MWCNTs . 
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 4.5.2. Release of crystalline structures from multiwalled carbon 

nanotubes assisted by fullerenes. 

In Section 4.5.1 the ability of fullerenes to seal inorganic material inside MWCNTs was 

evaluated. Following a similar approach, and taking advantage of the affinity of 

fullerenes towards specific solvents, the use of C60 molecules to assist on the 

displacement of inorganic encapsulated nanostructures was explored. 

As we have seen, washing of C60PbI2@MWCNTs sample with H2O maintains intact the 

filling while the external inorganic material is removed (Figure 4.14 (b)). The strong 

electrostatic interactions existing between the CNTs walls and the C60 molecules, 

combined with the poor solubility of fullerenes in water[250] produce the corking of 

the opened tips of the hosting carbon nanotubes. Now, if the physicochemical 

properties of fullerenes are considered, employing a solvent with certain affinity with 

the C60 molecules may facilitate the mobility of fullerenes inside the CNTs. Fullerenes 

could act as appropriate replacing agents favoring the displacement of the inorganic 

nanomaterial and triggering its release from the host. In order to prove this hypothesis, 

the corked PbI2 filled sample was washed employing ethanol as promoting solvent. For 

this purpose, the sample was refluxed at 80 ˚C during 16 h, filtered, washed with pure 

ethanol and dried overnight at 60 ˚C. PbI2 is not soluble in ethanol[245] and under 

normal conditions (in absence of fullerenes) the inorganic PbI2 confined within the 

hosting cavitity should remain immovable from the MWCNTs. Thus, the sample without 

a previous C60 corking treatment was additionally washed with ethanol as reference. In 

order to verify the presence (or absence) of both PbI2 and fullerenes within the 

MWCNTs, TEM imaging was carried out. 

A low magnification TEM image of the PbI2@MWCNTs after washing with ethanol is 

presented in Figure 4.16 (a). As expected, the solvent was unable to remove the 

crystalline nanorods grown during the molten phase treatment (due to the low 

solubility of the PbI2 in ethanol), despite the inner material was exposed to the solvent 
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through the opened tips of the nanotubes (inset). In contrast, when the sample was 

previously annealed in presence of fullerenes and subsequently washed at the same 

conditions (ethanol, 80 ˚C, 16 h), the majority of the inorganic guests were washed out 

from the MWCNTs (b).  

 
Figure 4.16. (a) PbI2@MWCNTs and (b) C60PbI2@MWCNTs after washing with anhydrous 

ethanol at 80 ˚C during 16 h.  

One could think that the strong non-covalent interactions formed between the C60 

molecules and the CNTs walls should constitute a highly energetic barrier to be 

overcome in order to produce the mobility of the fullerenes along the inner cavity of the 

nanotube. Additionally, electrostatic interactions, such as van der Waal forces, existing 

between the inorganic nanostructure and the CNTs may be an additional difficulty 

towards the displacement of the guests outside the nanotubes. The interactions 

between the fullerenes and the walls of SWCNTs in the system formed by C60 

encapsulated within a SWCNT (nanopeapod, NPP) have been extensively 

discussed.[251] Theoretical studies have described the energetic stability of the NPP, 

including the high binding energies present between the fullerenes and the 
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nanotube.[252] The strength and stability of these interactions depends on the 

symmetry and dimensions of the nanotube.  

The entrance of the C60 molecules into the nanotubes requires specific energies,[223] 

which can be provided either by high temperature treatments (see Section 4.5.1),[136] 

or by the assistance of a solvent with certain characteristics.[134] J. Yudasaka et al. 

proposed a successful methodology, which they called “nano-extraction”, consisting in 

the incorporation of fullerenes within SWCNTs promoted by the suspension of a 

mixture of both materials in ethanol. This liquid phase technique, leads to the formation 

of NPPs and takes advantage of the solubility of the C60 molecules in the solvent, which 

although poor, is strong enough to promote the interaction between the fullerenes and 

the CNTs, provoking the incorporation of the C60 molecules into the nanotubes.  

Fan et al. studied the effect of the diameter in both the incorporation and release of 

fullerenes into SWCNTs assisted by toluene.[253] It was found that small diameters of 

the host favor the encapsulation, while the removal of the encapsulated C60 molecules 

presents the opposite trend. The release process requires the use of a solvent in which 

fullerenes are highly soluble.[254] For a system formed by MWCNTs and fullerenes, a 

theoretical approach would be more complex. In fact, the incorporation of fullerenes 

within MWCNTs has been barely reported.[255] Considering that the diameter and the 

contact surface between the nanotubes and the C60 molecules may play a role in the 

release of the inorganic material, fullerenes incorporated within the cavities of the 

MWCNTs should possess weaker affinity with the inner walls if compared to the 

SWCNTs. Nevertheless, the established interactions appear to still be strong and the 

trafficking of the fullerenes along the cavities of the nanotubes may also require a 

driving force. 

Low fullerene solubility solvents have been employed to incorporate fullerenes within 

the SWCNTs cavities.[134, 254] However, their potential to assist the release of the C60 

from CNTs has not been investigated.  
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Scheme 4.1. Schematic representation of the fullerene assisted release of PbI2 from MWCNTs 

employing ethanol as promoting solvent.  

According to our observations, the attraction forces between the C60 molecules and the 

inner walls are significantly altered when fullerenes are confined within MWCNTs. This 

is in agreement with theoretical studies on SWCNTs of different dimensions filled with 

drug molecules, where an increase in the release of the inner material is observed for 

nanotubes with higher diameters.[235] A graphical representation of the process of 

release of the inorganic salt from the CNTs cavities is presented in Scheme 4.1. A 

competitive replacement of the inorganic fraction contained within the tube is 

produced. The high diffusivity of the liquid solvent contributes towards the mobility of 

the fullerenes within the MWCNT, expelling out the inorganic salt. Additionally, the 

increase in the contact area between the fullerenes and the CNT wall might enhance the 

stability of the system by the creation of van der Waal forces between the hosting 

nanotubes and the C60 molecules.[234] 

In order to evaluate the protocol employed for the encapsulation of fullerenes in the 

efficiency of the release process an alternative strategy was employed. As mentioned 

before the nano-extraction technique allows the encapsulation of fullerenes within 

SWCNTs by suspending both materials in ethanol (liquid phase technique).[134] If this 

approach is applied to the removal of the inner structure assisted by fullerenes, the 

process would not only be reduced to a single step, but also would allow the insertion 

of fullerenes employing mild conditions, having potential applications to the release of 

EthOH Pb          I
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non-thermally stable guest nanostructures. For this purpose 5 mg of fullerenes were 

suspended in pure ethanol and dispersed by sonication during 30 min. Afterwards 5 mg 

of the PbI2@MWCNTs were added to the dispersion and sonicated for 15 min. The 

mixture was refluxed (80 ˚C) during 16 h, cooled down and filtered using a 0.2 µm 

polycarbonate membrane. After drying overnight at 60 ˚C, the material was analyzed by 

TEM. A low magnification image of the PbI2 filled MWCNTs after washing with the 

ethanolic dispersion of fullerenes is presented in Figure 4.17 (a).  

Microscopy analyses confirm the replacement of the encapsulated PbI2 by the C60 

molecules. The small nanoparticles observed on the outer surface of the nanotubes 

correspond to the PbI2 displaced from the cavities of CNTs. The latest protocol results in 

a higher amount of fullerenes present along the nanotubes. C60 molecules were 

homogeneously distributed through both the external walls of the nanotubes and inside 

their cavities (Figure 4.17 (b)). 

 

Figure 4.17. (a) PbI2@MWCNTs after washing at 80 ˚C during 16 h with a dispersion of 
fullerenes in absolute ethanol.  



 

 

 

 
Scheme 4.2. Schematic representation of the mechanisms of corking of MWCNTs and release of the guest material from the hosting nanotubes 

promoted by fullerenes. 
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Scheme 4.2. summarizes the proposed complementary approaches: corking of 

MWCNTs and release of inner material confined within their cavities. On the one hand, 

fullerenes can be employed as efficient corking agents of open ended MWCNTs, which 

facilitate the removal of external material resulting from the filling process (left). This 

protocol is useful as long as the cleaning of the filled nanotubes is carried out 

employing solvents whose affinity with the C60 molecules is extremely low. On the other

hand a versatile protocol for the removal of inorganic material from the inner cavities 

of MWCNTs is proposed (right). The encapsulation of fullerenes by thermal treatment 

followed by the ethanol assisted migration of the C60 molecules arises as a potential

strategy to trigger the liberation of materials stable at elevated temperatures. 

Otherwise, a liquid phase methodology, involving a single step procedure and mild 

conditions of reaction is suggested for the simultaneous incorporation of fullerenes and 

release of temperature sensitive structures from the hosting CNTs. 

 4.6. Conclusions. 

Synthesis of single-layered inorganic nanotubes within MWCNTs 

MWCNTs were employed as directing templates for the growth of single-

layered inorganic nanotubes. 

CeI3, CeCl3 and ZnI2 single-layered inorganic nanotubes confined within

multiwalled carbon nanotubes were successfully grown by the molten phase 

capillary wetting technique.  

The molten phase filling of metal halides leds to the formation of different 

nanostructures within the hosting MWCNTs. Apart from nanorods, inorganic 

nanotubes, nanoparticles and nanosnakes of the inorganic salts were also 

obtained. 
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 An increase in the temperature of treatment results in the preferential growth 

of ZnI2 single-layered nanotubes.  

 Treatments above the boiling point of the bulk ZnI2 results in a higher degree 

of filling and in better crystallized nanostructures inside MWCNTs. Higher 

temperature treatments clearly favor the growth of long tubular inner 

structures and a decrease of other type of inorganic nanostructures. 

 The employed methodology can be applied to the synthesis of 1D-layered 

inorganic nanotubes of different metal halides demonstrating the versatility 

of the proposed approach.  

Encapsulation of fullerenes within MWCNTs 

 Fullerenes were employed to “cork” the ends of MWCNTs, thus allowing to 

isolate the inorganic materials previously filled. The presence of fullerenes 

avoids the release of the encapsulated payloads during the removal of the 

external non-filled inorganic material remnant after the filling procedure.  

 Depending on the experimental conditions, fullerenes can also induce the 

release of inorganic nanostructures present within MWCNTs. In the present 

study, ethanol was employed as promoting solvent to favor the mobility of the 

C60 molecules within MWCNTs, assisting the removal of inorganic 

nanostructures previously grown within the hosting nanotubes. 

 A versatile protocol, involving high temperature treatments and liquid phase 

techniques has been proposed to induce the liberation of inorganic 

nanostructures from the cavities of MWCNTs. 



 

 

Chapter 5. 

Decoration of multiwalled carbon 

nanotubes with titanium oxides. 

 

This chapter describes the synthesis and characterization of MWCNTs 

decorated with titanium oxides. The potential application of this family of 

materials in the photocatalytic degradation of organic compounds under 

UV irradiation is explored. 
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 5.1. Introduction. 

The chemistry of titanium oxides and formation of diverse polymorphs which are 

originated at specific conditions of pressure and temperature have been widely 

studied.[256, 257] The formation of TiO2 is the only occurring at atmospheric pressure 

and it has been extensively employed due to its excellent electronic properties. TiO2 is a 

semiconducting material with potential applications in the fields of solar cells,[258, 

259] as supercapacitor[260] or field-effect transistors.[261] It has been proposed as 

the most promising photocatalyst for the degradation of organic pollutants in aqueous 

media due to its high chemical stability, abundance and low cost.[262] The TiO2 

photocatalytic activity has attracted interest in other important technological areas, 

such as air purification,[263] electrolysis of water for hydrogen generation,[264] or as 

self-cleaning coating.[258, 259] 

TiO2 exhibits three polymorphs: anatase, brookite and rutile. The latter is the most 

stable phase and it is generally synthesized at elevated temperatures. The synthesis of 

brookite is not straightforward and it has been barely studied. On the other hand the 

thermodynamics and kinetics of the transformation from anatase to rutile, as well as 

the photocatalytic properties of both polymorphs are well documented.[257] Anatase 

and rutile show band gaps of 3.2 eV and 3.0 eV respectively; nevertheless, the anatase 

phase is considered as the most active photocatalytic polymorph of TiO2, due to its 

higher redox potential and density of surface hydroxyls, which favors the presence of 

reactive electron-hole pairs.[265] However, the efficiency not only depends on the 

conformation of the material, but also on its morphology. In fact, Degussa P25, which is 

usually employed as reference material for photocatalytic studies due to its high 

performance,[263] consists of an 80:20 mixture of anatase:rutile.  

Research for the enhancement of the catalytic properties of this family of compounds 

has been directed to the synthesis of materials with higher surface area,[266] porosity 
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and crystallinity.[267] Many efforts have been triggered to the narrowing of the TiO2 

band gap as well as the reduction of the recombination of the photogenerated electrons 

and holes which are responsible of its extraordinary catalytic behavior.[268] Surface 

modifications to enhance the adsorption of organic pollutants, doping with metal and 

no-metal species to extend the range of absorbed energy to the visible light spectrum, 

and the stabilization of the TiO2 particles employing different supports are strategies 

proposed to increase the efficiency of the catalyst. [269]  

The potential photocatalytic applications of suboxides of titanium have also been 

explored. The routes of preparation of TiO2-x materials involve the introduction of 

dopant atoms,[270, 271] as well as the creation of oxygen vacancies in the TiO2 

structure.[272] Whereas doping with non-metal and metal ions is regarded as an 

efficient way for narrowing the band gap of TiO2, the introduction of lattice defects, 

which act as carrier recombination centers, reduces the catalytic activity of the 

materials.[271]  

In recent years the preparation of titanium monoxide (TiO) has attracted a wide 

interest. Its disordered structure has a cubic crystal conformation with the presence of 

structural vacancies, responsible of the nonstoichiometry of the system (over a range 

from TiO0.7 to TiO1.25).[273] The possibility of continuously changing the concentration 

of both, the anionic and cationic vacancies, confers the material diverse properties 

depending on the structure of the resulting phase. TiO has a great corrosion resistance, 

low resistance to charge transfer and high hardness,[274] which confer it versatility for 

a wide range of applications, such as decorative or protective coater, or as material for 

nanoelectronic applications.[275] Different routes have been employed to prepare TiO 

particles. Its synthesis usually involves the reduction of titanium dioxide in presence of 

metallic titanium.[276] Following this approach, different phases of TiO have been 

obtained by mechanochemical,[277] and high temperature treatments (1500 °C).[273] 

Other techniques employ laser pyrolysis of titanium isopropoxide,[270] laser 

ablation,[278] wet ball milling[279] and chemical and electrochemical reduction.[280] 
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Nevertheless, TiO is difficult to synthesize and variable phase compositions are 

generally obtained. However, high temperature treatments (>1500 ˚C) can promote the 

formation of anion vacancies ordered phases of low symmetry.[281] 

The preparation of particles with small diameters is usually proposed to obtain 

catalysts with high surface areas. Unfortunately, these are subjected of rapid 

aggregation, which decrease the effective surface and hence the absorption of the target 

species. To overcome this problem, several supports such as carbon, clay and silica-

based materials have been employed to anchor the photocatalytic nanoparticles. 

Depending on its nature, the supporting material can additionally enhances the 

catalytic performance.[268] Carbon-based nanostructures, and particularly carbon 

nanotubes have been documented as efficient supports due to their large surface area, 

high mechanical strength and adsorptive capacity.[282] Moreover the CNTs stabilize 

the charge separation, hindering the charge recombination and thus promoting the 

separation and migration of the electron-hole pair.[283] 

Considering the beneficial effects reported for titanium suboxides and for CNTs in dye 

degradation, we have prepared MWCNTs decorated with titanium oxide nanoparticles 

to obtain a composite material with a high photocatalytic performance. The synthesis of 

a self-standing TiO2-based catalyst, free of the carbon support, by oxidation of the 

former material was additionally explored. Preliminary photocatalytic tests to evaluate 

the efficiency of the synthesized materials in the degradation of an organic compound 

were finally carried out. 
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 5.2. Objectives. 

 To employ MWCNTs as template and directing agent for the preparation of TiO-

decorated MWCNTs. 

 To explore the influence of the morphology of the TiO nanoparticles structure in 

the thermal stability of the samples. 

 To analyze the phase transformations occurring during the oxidation of the TiO 

nanoparticles at different temperatures. 

 To prepare self-standing TiO2-based nanostructures, free of MWCNTs, by 

oxidation of TiO decorated MWCNTs. 

 To explore the potential use of the TiO-decorated MWCNTs before and after 

oxidation, as catalyst for the degradation of organic compounds. 
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 5.3. Synthesis of multiwalled carbon nanotubes 

decorated with titanium oxide nanoparticles. 

MWCNTs decorated with titanium oxide nanoparticles (TiOxNPs-MWCNTs) were 

prepared by high temperature treatment of a TiCl2/MWCNTs mixture (in situ 

modification). 12 mg of purified MWCNTs, obtained after 2 h of steam treatment 

(Section 4.3)[238] and 240 mg of TiCl2 were homogeneously grinded with an agate 

mortar and pestle and introduced into a silica tube. Afterwards the system was sealed 

under vacuum and annealed at 1060 ˚C. 4[245] After the synthesis, the ampoule was 

opened and the product was kept under an oxygen-free atmosphere inside an Ar-filled 

glove box. The sample was characterized by electron microscopy analysis (TEM and 

SEM) and X-Ray Diffraction (XRD). Figure 5.1 (a) shows a low magnification TEM 

image of the synthesized material. Microscopic analysis confirms the formation of 

nanoparticles deposited on the external walls of the CNTs. 

As it was described before (Section 4.3), the steam treatment causes the opening 

(oxidation) of the more reactive ends of the nanotubes, which allows the introduction 

of guest materials within the hosting cavities of the CNTs. The molten phase capillary 

wetting approach is usually employed for the filling of CNTs. After the 1060 ˚C 

annealing of the TiCl2/MWCNTs mixture, the presence of the inorganic material inside 

the MWCNTs is observed. As it can be seen in the image, this approach allows the 

simultaneous external decoration of the MWCNTs with titanium-based nanoparticles, 

as well as the filling of the MWCNTs. The obtained nanocomposites can be observed in 

Figure 5.1. Besides, the presence of drop shaped particles is observed (d).  

                                                                 

4 The sample was initially dwelled at 800 °C during 2 h and the temperature was subsequently 

increased up to 1060 °C (4h). Afterwards, the system was cooled down at 25 °C.min-1. 
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Figure 5.1. (a) Low magnification TEM image of the MWCNT/TiCl2 mixture, after annealing at 
1060 °C. (b) Nanoparticles filling a nanotube and (c-d) MWCNTs partially decorated with Ti-
based nanoparticles. 

After annealing the ampoule, aside from the characteristic black powder resulting from 

the TiCl2/MWCNTs mixture, small violet drops and crystals were observed. These 

secondary products were also collected and analyzed by XRD. Considering that titanium 

derivatives with low oxidation states (II and III) are highly unstable in air the XRD 

measurements were carried out by protecting the sample with a Kapton® film. The 

XRD pattern of the analyzed crystals is presented in Figure 5.2. The diffraction pattern 

corresponds to one of the three violet modifications of the TiCl3 (α structure).[284]  

Titanium dichloride is a strong reducing agent. A violent reaction with evolution of 

hydrogen occurs in presence of water. Furthermore, it reacts easily with oxygen to form 

a variety of compounds with different oxidation states.[285] Considering the nature of 

the crystals, and the presence of the drops observed in the TEM images of the collected 

product (Figure 5.1), the particles present along the nanotubes walls may correspond to 
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Figure 5.2. XRD analysis of the purple crystals obtained as secondary products in the synthesis 

of the MWCNTs decorated with Ti-based nanoparticles. The XRD pattern was acquired by 

protecting the sample with a Kapton® film (broad background within 10-30 degrees). 

partially oxidized derivatives of the titanium halide (TiCl2). 

Energy dispersive X-ray (EDX) analysis was employed to determine the composition of 

the sample (Figure 5.3). The presence of titanium, chlorine and carbon was confirmed. 

It is also noticeable an intense peak of oxygen. This confirms that a series of oxidative 

processes may take place inside the silica ampoule. However, the ratio between the 

species varied drastically when different areas of the same sample were analyzed. The 

signals corresponding to copper, aluminum and Si arise from the support and from de 

silica ampoule employed for the synthesis, respectively.  

Taking into account that the treatment was carried out under high vacuum conditions, 

the only source of oxygen in the system should come from the container. The 

composition and properties of crystalline and non-crystalline silica have been widely 

studied. It is well known that the SiO2 usually possess structural defects which can 

affect the physical properties of the material. Several point defects are attributed to 

oxygen vacancies or oxygen excess which include silanol groups, peroxy linkage and 

peroxy radical centers (Figure 5.4).[286] Moreover, small quantities of water can be 

physically trapped in structural channels or holes, or localized along grain 
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boundaries.[287] Adsorbed water and oxygen from the mentioned defects can be easily 

removed when the temperature is increased, becoming a source of oxidative species 

able to provoke the formation of the oxidized derivatives of the highly sensitive TiCl2. 

The liberation of adsorbed water and the condensation of structural species are 

gradually produced at different temperatures; nevertheless, the concentration of these 

species in the silica structure varies according to different parameters, namely the 

source of the employed silica, the surface area, or the environmental conditions. For 

this reason the transformations taking place inside the silica ampoule are hardly 

controllable. 

 
Figure 5.3. EDX analysis confirming the presence of Ti, Cl and C in the sample. Al and Cu signals 

arise from the support employed for the analysis, and the Si peak comes from the silica ampoule 

used for the synthesis. 

The elimination of adsorbed water from the silica is well documented. Water is released 

discontinuously until about 600 ˚C. Higher temperatures (until ca. 1200 ˚C) may cause 

the removal of species coming from structural defects, for example, water coming from 

the condensation of silanol groups (Figure 5.4, dashed square). However, the release 

decreases significantly. 
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Figure 5.4. Scheme of oxygen point defects present in the silica structure. 

In order to remove the adsorbed water present in the container, the silica tubes were 

subjected to an 800 ˚C preheating treatment before being used for the synthesis. In this 

manner, the concentration of the water molecules within the system was minimized 

and the formation of undesired oxidized derivatives was avoided. However, the 

structural defects cannot be totally removed at this temperature. The removal of these 

groups is produced during the annealing of the mixture of TiCl2 and the MWCNTs; thus 

a more controlled liberation of oxidative species is expected. On the other hand, bulk 

TiO is manufactured by heating TiO2 in presence of metallic titanium under a low 

pressure system (in vacuo).[276] To reproduce the conditions of the synthesis, the 

system initially employed for the decoration of MWCNTs was modified. A titanium film 

(5 mm x 10 mm) was introduced in the pre-heated ampoule along with the reaction 

mixture. The system was sealed (under vacuum) and the mixture (12 mg of MWCNTs 

and 240 mg of TiCl2) was annealed at the same temperature (1060 ˚C). The powder 

obtained after cooling presented a homogeneous black color and the presence of violet 

crystals or drops was not observed. Electron microscopy analyses were carried out to 

determine the characteristics of the samples. 
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Figure 5.5 (a) shows a low magnification TEM image of the obtained powder after 

dispersion in hexane. In contrast to the previous sample, now the presence of drop 

shaped material is not observed. Titanium-based nanoparticles cover the external 

surface of the nanotubes forming a necklace type nanostructure, “nanonecklace” on top 

of the MWCNTs.  

 
Figure 5.5. (a) Low magnification TEM image of the MWCNT/TiCl2 mixture, after annealing at 
1060 °C in presence of the titanium film. The inset shows a high magnification of a selected area 

of the main image. (b) Histogram showing the distribution (frequency, %) of diameters of the 

synthesized nanoparticles and (c) SAED pattern corresponding to the TiOx decorating 

nanoparticles. 

The inset in Figure 5.5 (a) shows a high magnification TEM image of a selected area of 

the sample. As it can be seen, the nanoparticles cover the totality of the external walls of 

the nanotubes and its distribution along the sample is directed by the tubular surface of 

the MWCNTs. TEM images were additionally employed to determine the particle size 

distribution. Figure 5.5 (b) presents the resulting histogram. A median diameter of 

11.5 nm was determined after measuring more than 400 nanoparticles decorating the 

MWCNTs. The nanoparticles presented diameters between 4.5 nm and 32.6 nm; 

however, the majority of them (65 %) were located between 8 nm and 12 nm. Finally, the  
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Figure 5.6. (a) Low magnification SEM image of MWCNTs decorated with Ti-based nanoparticles 

prepared by annealing a TiCl2/MWCNTs mixture in presence of metallic titanium. (b) EDX 

analysis confirms the presence of Ti, Cl and C in the sample. (c) Powder X-ray diffraction pattern.  

selected area electron diffraction (SAED pattern (Figure 5.5 (c)) shows the 

characteristic rings of a polycrystalline structure. The distance between the rings 

corresponds to d spacing of planes characteristics of cubic TiO. 

To confirm that the nanoparticles decorating the MWCNTs correspond to TiO, EDX and 

XRD analyses were carried out. Figure 5.6 shows SEM images (a) and the 

corresponding EDX spectrum of a selected area of the sample (b). The presence of 

titanium, chlorine and carbon (the former constituent of the sample before annealing) 

and oxygen is observed. Again, aluminum, copper and silicon signals arise from the 

support and from de silica ampoule. Despite that chlorine is still present; a drastic 

decrease of the signal is observed when compared with the spectrum of the sample 

prepared in absence of the titanium film (Figure 5.3). EDX-SEM analyses of the samples 

show Ti/O atomic ratios of ca. 1 and the content of chlorine did not exceed 2 at. %. 

These values are in agreement with the electron diffraction pattern. Finally, the phase 
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composition of the titanium monoxide was confirmed by X-ray diffraction. The signals 

observed in the pattern of the powder (c) can be indexed as the cubic crystallographic 

phase of titanium monoxide. The presence of the highly reduced titanium oxide 

nanoparticles confirms that a controlled oxidative process occurs inside the system. 

The structural defects present in the silica container may induce the oxidation of the 

titanium dichloride when the oxygen-based functionalities are released from the silica 

at high temperatures. Nevertheless, the presence of the titanium film induces the 

simultaneous reduction of the oxidized species (TiOx) avoiding the formation of 

titanium-based nanoparticles with a higher degree of oxidation. Considering that EDX, 

TEM and XRD analyses confirm the presence of a TiO nanostructure; we will refer to 

this sample as TiO nanoparticle decorated MWCNTs (TiONPs-MWCNTs).  

X-photoelectron spectroscopy (XPS) allows a better understanding of the composition 

and chemical state of titanium in the sample. The XPS general survey scan of the TiONPs- 

0

 
Figure 5.7. (a) XPS general survey scan of the TiO-decorated MWCNTs prepared after annealing 

a TiCl2/MWCNTs mixture in presence of metallic Ti (under vacuum). High resolution spectra of 
the (b) Ti2p and (c) C1s regions. 
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MWCNTs confirms the presence of oxygen (530 eV), titanium (468-452 eV) and carbon 

(284.8 eV) in the material (Figure 5.7 (a)). The Ti2p region exhibits two main signals 

corresponding to the 2p3/2 (ca. 455.5 eV) and the 2p1/2 (461.5 eV). Moreover a satellite 

broad peak centered at ca. 475 eV is also present, which is attributed to transitions of 

valence electrons to states with higher energies.[288] The position and broadness of 

the Ti2p signals is associated to the presence of Ti atoms with different binding 

states.[289] According to the literature, the position of each individual peak is directly 

correlated with the chemical environment  of the element.[290] The presence of the 

satellite signal in the titanium spectrum (Ti2p1/2) is attributed to shake-up excitations 

or energy losses, and it is not usually considered for the quantification of the species 

present in the sample. Figure 5.7 (b) shows the high resolution XPS spectrum of the 

sample. Two peaks, located at 455 eV (pointed with a green arrow) and at 459 eV 

(pointed with a blue arrow), are assigned to titanium atoms with oxidation states of 2+ 

and 4+, respectively. The non-symmetric shape of the peak corresponding to Ti2+ might 

arise from the presence of titanium atoms with different coordination environments. 

Diverse phases of titanium suboxides, forming a disordered, but thermodynamically 

stable state[273] are present in the Ti-O phase diagram.[291] Thus, the presence of 

titanium with intermediate oxidation states, cannot be discarded.[292] The peak 

corresponding to Ti4+ might arise from the oxidation of a small fraction of titanium 

atoms located on the surface of the nanoparticles or by the interaction of titanium 

atoms with the walls of the MWCNTs (C-Ti bonds). The higher atomic concentration of 

the Ti2+ species is in agreement with the results obtained so far by XRD and EDX 

analysis, indicating the formation of a titanium suboxide.  

The high resolution C1s XPS allows obtaining information on the interaction of the 

CNTs walls and the TiO nanoparticles. The differentiation of two main peaks can be 

perceived after a simple visual inspection (Figure 5.7 (c)). Besides the characteristic 

peak originated from the C-C bonds of the MWCNTs (284.8 eV), a new signal located at 

lower binding energies (282 eV) and assigned to Ti-C,[293] confirms the existence of a 
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chemical bond between the CNTs walls and the TiO nanoparticles. The presence of a 

peak at higher binding energies (286 eV) suggests an additional binding between the 

carbon atoms and oxygen species forming the TiO structure. This new bond can be 

formed by carbon atoms occupying one of the vacancies present in the TiO structure 

(interstitial atoms),[278] or by substitution of the titanium atoms.[294] Finally, the 

concentration of the contributing species was determined from the area of the fitted 

peaks. The calculated area of the carbon corresponds to a 40.8 at % of the sample, 

whilst titanium and oxygen constitute a 31.1 at. % and a 28.1 at. % of the composite, 

respectively. In agreement with microscopic and DRX analyses, a ca. 1:1 Ti/O ratio was 

also obtained from XPS.  

The thermal behavior of the TiONPs-MWCNTs sample was evaluated by TGA. The 

material was annealed in the presence of an oxidizing atmosphere (O2) from room 

temperature to 1400 ˚C. Visual inspection of the TGA curve (Figure 5.8 (a), black line) 

evidences the presence of three thermal events. The first loss of weight takes place at 

ca. 120 ˚C and corresponds to absorbed atmospheric species, mainly water molecules. 

Subsequently, a significant increase in the weight of the sample is produced in the 

range of 200 ˚C-400 ˚C. This increase of mass can be attributed to the oxidation process 

of the titanium oxide, leading to the formation of titanium dioxide (TiO2). The Ti:O ratio 

present in the sample can be determined from this event. The reaction occurring at this 

temperature (200 ˚C) involves a 28 % increase in the initial mass of the sample; which 

is close to the theoretical mass gained by the TiO during the transformation of TiO to 

TiO2 (25 %). As seen in DSC curve (blue line) this process is highly favored by the 

temperature and the corresponding exothermic peak is centered at 342 ˚C. Afterwards, 

a drastic loss of weight (ca. 11.4 %) is observed between 400 ˚C and 470 ˚C. The 

exothermic process (second peak in DSC) is attributed to the combustion of the 

carbonaceous fraction (MWCNTs) of the sample. Purified MWCNTs shows onsets of 

combustion around 600 ˚C.[82] In case of the TiONPs-MWCNTs, the presence of the 

inorganic nanoparticles may accelerate the oxidation of the nanotubes, which explains 
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the earlier onset of combustion of the sample (400 ˚C). A decrease in the onset of 

combustion of CNTs has been previously observed when inorganic material is 

present.[295] 

In order to identify the phase of the titanium oxide formed during the oxidation of the 

TiONPs, the residue recovered after the total combustion of the MWCNTs (470 ˚C) was 

characterized by XRD. The obtained pattern is presented in Figure 5.8 (b) and 

corresponds to the anatase phase of TiO2.[296] Finally, despite no additional change of 

weight is appreciated in the TG curve, the DSC analysis reveals a thermal event when 

the sample is annealed above 600 ˚C (DSC curve, blue line). At this temperature the 

change of phase from anatase to rutile phase of TiO2 is usually reported.[256, 257] This 

is in agreement with the XRD pattern[297] of the yellowish-white fraction obtained 

after annealing the powder at 1400 ˚C (c), and with the broad exothermic process 

indicated by the DSC analysis.[262] 

*

 
Figure 5.8. (a) Thermal analysis of the TiO decorated MWCNTs (TiONPs-MWCNTs) prepared by 

the 1060 ˚C annealing the TiCl2/MWCNTs mixture in presence of metallic titanium. The analysis 

was performed under flowing O2 at a heating rate of 10 ˚C.min-1. XRD patterns of the residue 

obtained after annealing the sample at (b) 470 ˚C and (c) 1400 ˚C. 
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 5.4. Post-synthesis oxidation of TiO-MWCNTs hybrids: 
Preparation of TiO2-based catalysts. 

As mentioned in the introduction, TiO2 is well known by its photocatalytic applications. 

For this reason, the preparation of a TiO2 catalyst by oxidation of the TiONPs-MWCNTs 

was explored. For this purpose 50 mg of the sample were spread into a sintered 

alumina boat and introduced inside a tubular furnace. Taking into account the results 

obtained after the thermal analysis of the TiONPs-MWCNTs, the sample was annealed 

at temperatures ranged between 250 ˚C and 450 ˚C under flowing oxygen at 165 

mL.min-1, to simultaneously oxidize the TiO nanoparticles and to eliminate the 

carbonaceous template (CNTs).  

Figure 5.9 (a) shows the TG analyses of four samples resulting from annealing TiONPs-

MWCNTs at 250 ˚C, 275 ˚C, 370 ˚C and 450 ˚C during 6 h in O2. In all the samples a slight 

decrease of weight, attributed to absorbed water, is observed at temperatures below 

200 ˚C. The TG curve of the sample treated at 250 ˚C presents a small increase in the 

initial mass (4 %) around 300 ˚C, suggesting the partial oxidation of the particles 

decorating the external surface of the nanotubes. Afterwards, an 8 wt. % loss between 

400 ˚C and 460 ˚C, which can be attributed to the combustion of the CNTs is observed. 

These events appear as exothermic reactions in the DSC analysis (Figure 5.9 (b)). In 

the case of the 275 ˚C treated sample, the thermal event at ca. 300 ˚C has disappeared. 

Apparently, the TiONPs decorating the CNTs have already been completely oxidized by 

the post-annealing in O2 at 275 ˚C. However, the combustion of CNTs supporting the 

TiO2 nanoparticles is still observed at ca. 400 ˚C (ca 8 wt. % loss, violet line). 

Interestingly, the exothermic process corresponding to the formation of TiO2 is still 

present in the DSC curve of the 275 ˚C annealed sample (384˚C, violet line; Figure 5.9 

(b)), despite that the TG curve remains almost invariable at this range of temperature. 

This suggests that the DSC exothermic signal at ca. 370 ˚C observed in the 250 ˚C 
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treated sample, cannot be only attributed to the oxidation of the TiONPs but also 

indicates the simultaneous combustion of the CNTs. The increase of weight expected for 

the oxidation of the TiO nanoparticles is compensated by the loss of the carbonaceous 

fraction, which would explain the absence of perceptible changes in the TG curve of the 

275 ˚C treated sample. This argument is in agreement with the lower weight loss of 

carbon observed in the TGA of the 250 ˚C and 275 ˚C (which is related to the 3rd thermal 

event) compared to the expected weight loss, since the calculated carbonaceous 

fraction from the TGA of the TiONPs-MWCNTs nanoparticles is 11.6 % (Figure 5.8 (a)). 

 
Figure 5.9. (a) TG and (b) DSC analyses of the TiONPs-MWCNTs sample after annealing at 250 ˚C 

(black line), 275 ˚C (violet line), 370 ˚C (blue line) and 450 ˚C (green line) under oxygen for 6 h. 

TGA and DSC analyses were performed under flowing O2 at a heating rate of 10 °C.min-1. 

In order to obtain samples free of CNTs, the TiONPs-MWCNTs were annealed at 

temperatures ranged between 350 ˚C and 450 ˚C maintaining constant the time of 

treatment (6 h). At these temperatures, the total elimination of the MWCNTs was 

observed. In the case of the sample treated at 370 ˚C, a unique transformation (blue 

line, Figure 5.9 (b)), corresponding to the phase transition of TiO2 (anatase to rutile) at 

high temperatures is perceived by DSC analysis. Higher treatments show similar 

behavior (450 ˚C, green line). 



Chapter 5. Decoration of MWCNTs with titanium oxides 

 

 

158 

 
Figure 5.10. XRD patterns of the TiONPs-MWCNTs (a) before and after annealing at (b) 350 ˚C, 
(c) 370 ˚C, (d) 380 ˚C, (e) 400 ˚C and (f) 450 ˚C during 6h under oxygen flowing at 165 mL.min-1. 
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XRD analyses were carried out to identify the phases present in the post-annealed 

samples. Figure 5.10 shows the diffraction patterns of the TiONPs-MWCNTs after 

annealing at temperatures ranged between 350 ˚C and 450 ˚C under flowing oxygen 

during 6 h. The starting material is included for comparison (a). As it can be 

appreciated, the peaks corresponding to the TiO structure are not present in the XRD 

patterns of the treated samples (b-f). Peaks present in the patterns of the 350 ˚C (b) 

and 370 ˚C (c) oxidized samples indicate the presence of pure anatase. Meanwhile, 

when higher temperatures were employed for treatments (380 ˚C-450 ˚C) the 

appearance of the characteristic peak of the rutile phase (2Ө=27.4 ˚) of TiO2 is 

observed. After treatment, all the samples showed the characteristic white color of 

TiO2, except for the 350 ˚C annealed material. In this case, a grey colored powder was 

obtained, in agreement with the presence of a small unoxidized carbonaceous fraction 

observed by TGA. 

The intensity ratio of the rutile (110) (2Ө=27.4 ˚) and the anatase (101) (2Ө=25.2 ˚) 

peaks is usually employed to quantify the phase proportions in a TiO2 sample (Method 

of Spurr and Myers [298]). In our case, this value (IR/IA) presents a slight increase with 

the temperature of treatment, following the expected trend (Table 5.1). However, this 

approach does not consider important factors such as grain size, morphology or degree 

of crystallinity, which alter the ratios of the XRD peaks. It should be noted that this phase 

Table 5.1. TiO2 phase obtained after annealing the TiONPs-MWCNTs sample in O2 at 

temperatures ranged between 350 ˚C and 450 ˚C. 

Temperature Time TiO2 phase IR/IA Color 

350 ˚C 6 h Anatase 0 Grey 

370 ˚C 6 h Anatase 0 White 

380 ˚C 6 h Anatase/rutile 0.13 White 

400 ˚C 6 h Anatase/rutile 0.15 White 

450 ˚C 6 h Anatase/rutile 0.15 White 

350 ˚C 12 h Anatase 0 White 
370 ˚C 12 h Anatase/rutile 0.18 White 
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Figure 5.11. XRD patterns of the TiONPs-MWCNTs after annealing at (a) 350 ˚C and (b) 370 ˚C 

during 12 h under flowing oxygen at 165 mL.min-1. 

transition generally occurs at higher temperature and the morphological and structural 

characteristics of the material are strongly dependent on the conditions of preparation 

of the sample, including the temperature of treatment. 

In order to completely remove the carbonaceous fraction of the TiONPs-MWCNTs, 

longer times of treatment were employed to oxidize the sample at 350 ˚C. An additional 

370 ˚C oxidizing treatment during 12 h was carried out to determine how the time of 

treatment affects both the morphology and the structural characteristics of the TiO2-

based composite. A white powder was obtained after the 350 ˚C treatment (12 h) and 

the presence of the pure anatase phase of TiO2 was determined from the XRD pattern 

(Figure 5.11 (a)). Otherwise, when the TiONPs-MWCNTs were annealed at 370 ˚C 

employing the same time of treatment, it was observed the appearance of the main 

peak corresponding to the rutile phase of TiO2 (2Ө= 27.4 ˚; (b)).  

The transformation of pure bulk anatase to rutile is an irreversible process due to its 

reconstructive character. The process is not instantaneous and involves the breaking 

and the subsequent reforming of the original bonds present in the tetragonal anatase 

phase to produce a more dense structure. Furthermore, the anatase-rutile 

transformation is highly favored by longer times of treatment. This is in agreement 
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with the mixture of phases observed in the sample treated at 370 ˚C during 12 h. Rutile 

TiO2 is usually obtained when the material is annealed in air at ca. 600 ˚C.[299] Clearly, 

the approach employed to induce the phase transformation affects significantly the 

temperature at which the process occurs. The formation of rutile TiO2 has been 

reported already at 400 ˚C.[300] The small size of the initial TiO nanoparticles also 

plays a positive role in the early formation of rutile.[301] Finally, the presence of 

defects on the oxygen sublattice is the most important factor affecting the phase 

transformation. The deficient amount of oxygen atoms facilitates the rearrangements 

due to the decrease in the structural rigidity of the material.[257] The level of oxygen 

vacancies is also induced by the presence of dopant atoms. In our case, carbon atoms 

from the MWCNTs walls may act as dopant species by their reducing character, which 

induce the formation of defects and hence, the transformation to the rutile phase at 

relatively low temperatures. 

The activity of a solid catalyst is strongly dependent on parameters such as the particle 

size, surface area and morphology. Degussa P25 is a photocatalyst that contains a 

combination of the anatase and rutile and it is usually employed as reference due to its 

high photocatalytic performance. The presence of a small fraction of rutile (20 %) in the 

material reduces significantly the electron-hole recombination, improving its activity in 

the degradation assisted by UV irradiation. The formation of the rutile phase requires 

treatments at temperatures relatively high or prolonged times of synthesis. As a 

consequence, materials with larger grain size, which lower their adsorptive capacity, 

are obtained.  

The morphology of the samples obtained after the subsequent oxidation of the TiONPs-

MWCNTs was evaluated by TEM in order to select the most adequate conditions to 

obtaining well-defined nanostructures, maintaining the large surface area of the 

starting material. Figure 5.12 (a) shows a low magnification TEM image of the TiONPs-

MWCNTs after treatment at 370 ˚C during 6 h. As it can be appreciated, the material 

maintained the necklace-like nanostructure of the parent material. However, the TiO na-  
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Figure 5.12. (a-b) TEM images of the TiO2 structures obtained after annealing the TiONPs-
MWCNTs at 370 ˚C, during 6 h under flowing O2 (165 mL.min-1) and (c) anatase TiO2 particles 

resulting from the oxidizing process at 350 ˚C during 12 h. 

noparticles suffered a partial sintering (Figure 5.12 (b)), as result of the prolonged 

time employed for the treatment. The 350 ˚C oxidized sample during 6 h only contained 

TiO2 in its anatase phase but a small fraction of CNTs is still present after the oxidation 

of the nanoparticles. Finally, despite that a more prolonged time of treatment at 350 ˚C 

results in the total elimination of the carbonaceous fraction, the necklace-like structure 

has collapsed and the obtained material presented agglomerates of large-sized 

nanoparticles. Since a material with a high surface is required for an efficient catalytic 

performance, this sample was not considered for the photocatalytic tests. 

 5.5. Applications in UV-catalysis. Degradation of methyl 
orange by titanium oxide nanostructures. 

The potential application of the synthesized materials as catalysts for the degradation 

of organic pollutants was evaluated. The catalytic activity under ultraviolet (UV) light 
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irradiation was tested by measuring the oxidation of methyl orange (MO). The TiONPs-

MWCNTs and the TiO2 necklace-like structures, prepared after annealing the TiO-

decorated MWCNTs at 370 ˚C during 6 h (under flowing O2), were selected for this 

purpose. Thus 50 mg of the sample were suspended in 50 mL of a 25 ppm MO solution 

and the concentration of the organic compound with time of irradiation was measured. 

Prior to the analysis, the suspension was stirred overnight inside a hermetically closed 

dark box to reach an equilibrated concentration of the components. Afterwards, a 5 mL 

aliquot was extracted from the solution and centrifuged at 1600 rpm to precipitate the 

suspended material. The supernatant was collected and the obtained MO solution (free 

of catalyst) was the initial point of the measurement (C0). A UV lamp with a wavelength 

of 365 nm was located at 25 cm from the initial suspension (inside the dark box) and 

the lamp was immediately switched on. After 15 min, a new aliquot was collected and 

the centrifugation process was repeated. The same protocol was followed periodically, 

until a total disappearance of the color of the solution was reached. The photocatalytic 

activity of the materials was determined by measuring the evolution of MO from the 

centrifuged solution. The absorbance of the solutions was recorded at a 464 nm 

wavelength, employing a UV-Vis spectrometer. This wavelength corresponds to the 

maximum absorbance peak of a 2.5 ppm MO solution in the 800-200 nm range (Figure 

5.13 (a)). The concentration of MO in the collected aliquots was calculated according to 

the calibration curve presented in Figure 5.13 (b). 

The degradation of MO (% D) was evaluated following the equation 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛  % 𝐷 =
𝐶0 − 𝐶𝑡

𝐶0
 𝑥 100 

where C0 is the concentration of MO before irradiation and Ct is the concentration of the 

aliquots collected at different t times. Since the P25 TiO2 presents an important 

photocatalytic performance and it is usually employed as reference, the activity of the 

material was also evaluated as a benchmark following the protocol previously detailed.  
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Figure 5.13 (c) shows the catalytic degradation of MO assisted by UV irradiation, 

employing the selected materials. The TiO2 necklace-like nanostructures presented the 

lower degradation performance among the analyzed samples (31.6 % D, t=240 min). 

Since the morphology of the material plays an important role in the photocatalytic 

performance, the sintering of the nanoparticles due to the prolonged annealing might 

be responsible for the low catalytic activity. As it can be seen, the TiONPs-MWCNTs 

(blue line) shows the highest photocatalytic performance, followed by the P25 TiO2 

reference (black line). Finally, the TiO2 necklace-like nanostructures (green line) 

presented the lowest degradation power. A photodegradation rate of 99.5 % after 

irradiation during 240 min was observed when the dye was exposed to UV irradiation 

in the presence of the TiONPs-MWCNTs. This value represents a 44 % increase in the 

photocatalytic activity when compared with P25 at the same time (68.9 % D, t=240 

min).  

Different factors may contribute to the highest photocatalytic performance of the TiO-

MWCNTs hybrids. The high degradation power of titanium oxides arises from the 

generation of an electron-hole pair when the material is exposed to radiation. UV light 

is strongly enough to overcome the energy barrier between the valence band and the 

conducting band of the material, which causes the transition of one valence electron to 

the higher energy level (conducting band). It then reacts with molecules adsorbed on 

the surface of the catalyst leading to the formation of highly reactive radical species, 

responsible of the degradation of the organic compound. The presence of holes also 

induces the formation of radicals. While the electrons in the conduction band cause the 

reduction of negative-charge acceptors, the holes provoke the oxidation of electron 

donors, creating at the same time highly reactive species. Thus, the larger the lifetime of 

the electron-hole pair, the highest the photocatalytic performance of the material. The 

morphology of the TiO nanoparticles is likely to confer the material a higher specific 

surface area than P25, favoring the contact with the organic compound. Some authors 

have proposed a synergistic effect between the titanium oxides and the MWCNTs resul- 
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Figure 5.13. (a) Absorbance spectrum of a 2.5 ppm methyl orange (MO) solution, having a 

maximum at 464 nm, (b) calibration curve employed to calculate the MO concentration in the 

irradiated solutions. (c) Photodegradation rate calculated after UV irradiation of the MO 

solutions in the presence of TiONPs-MWCNTs prepared by annealing TiCl2 and MWCNTs at 1060 

˚C (blue line), and TiO2 necklace-like nanostructures prepared after oxidation of the  TiONPs-
MWCNTs at 370 ˚C, during 6h, under flowing O2 (green line). The photocatalytic activity of the 

P25 TiO2 (black line) is included for comparison.  

ting on an enhancement of the photocatalytic activity.[302] In addition to conferring a 

larger specific surface area to the material, the high electrical conductivity exhibited by 

the CNTs favors the transfer of electrons from the titanium oxide to the CNTs surface. 

Thus, the CNTs act like electron transfer stations. The capture of electrons in the CNTs 

lowers the recombination between the photogenerated species and the holes, since it 

provides a larger charge separation (Schottky barrier). On the other hand, the electrons 

present in the surface of the nanotubes can be easily transferred to the conduction 

band of the titanium oxide due to the strong interaction between the surface of the 

CNTs and the inorganic nanoparticles. This electron transfer not only creates reducing 

active sites in the surface of the catalyst, but also induces the migration of electrons 

from its valence band to the positively charged nanotubes, forming a new positive hole. 

[265]  The higher density of active sites in the surface of the TiO-MWCNTs hybrids 
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accelerates the formation of radical species, improving the degradation rate of the 

organic pollutant.  

The intrinsic defects in the oxygen deficient structure of the TiO nanoparticles as well 

as the presence of titanium atoms with low oxidation states have also been reported to 

play a positive role in the decrease of the charge carrier recombination and the 

narrowing of the optical band gap of the semiconducting material.[303, 304] The 

carbon atoms forming the CNTs walls also act as dopant species of the titanium oxide 

nanoparticles. The formation of C-Ti or C-O bonds (observed by XPS (Figure 5.7 (c)), is 

produced by the substitution of an O atom from the TiO and contributes to an increase 

in the concentration of lattice defects.[257, 268] 

 5.6. Conclusions. 

 MWCNTs were employed as templates and directing agents for the 

preparation of TiO-decorated MWCNTs, leading to necklace-like 

nanostructures.  

 The phase transformations occurring during the exposure of the TiO-

MWCNTs hybrids to an oxidizing atmosphere were analyzed. The TiO 

nanoparticles decorating the MWCNTs oxidize to TiO2 at temperatures 

between 200 ˚C and 400 ˚C. Afterwards the combustion of the MWCNTs is 

observed, and overlaps with the oxidation of the TiO nanoparticles. 

 Self-standing TiO2-based nanostructures, free of MWCNTs, have been 

prepared by oxidation of the TiO-decorated MWCNTs. An early phase 

transition from anatase to rutile TiO2 has been observed in these 

structures, due to the morphology of the inorganic nanoparticles and the 

presence of structural defects. 
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 The potential use of the synthesized nanostructures in the photocatalytic 

degradation of methyl orange was tested. A 44 % increase in the 

photocatalytic activity was observed for the TiONPs-MWCNTs in 

 comparison with the P25 reference. 

 The presence of structural defects in the TiO lattice, the synergistic effect 

between the titanium oxide nanoparticles and the CNTs and the dopant 

character of the carbon atoms might contribute to the enhanced 

 photocatalytic performance of the TiO-MWCNTs hybrids.

 





 

 

Chapter 6. 

General Conclusions 

 

The general conclusions of this thesis are summarizes in this chapter. 
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I. SYNTHESIS, CHARACTERIZATION AND THERMAL PROPERTIES OF N-
CONTAINING REDUCED GRAPHENE OXIDE. 

Tuning the nature of nitrogen atoms in N-containing reduced graphene 

oxide. 

 We have developed a simple, efficient and reproducible method for the 

synthesis of nitrogen-containing reduced graphene oxide by gas phase 

treatment of GO with pure ammonia. Low temperature treatments result 

in the formation of amine and amide groups (N-functionalization), while 

annealing at temperatures above 500 °C produce the incorporation of 

structural nitrogen into the RGO lattice (N-doping). During the treatment 

ammonia also plays a reducing role. Samples with ca. 2 at. % in oxygen 

content have been prepared at 600 ˚C. This level of reduction is 

comparable to that obtained when higher temperatures (110 ˚C) and 

reducing conditions (Ar/H2) are employed. 

 We have proposed an experimental toolbox for the unambiguous 

identification of the nitrogen species present in the RGO lattice, which 

includes not only XPS (commonly used), but also elemental analyses, 

microscopic techniques, infrared and UV-vis spectroscopies, contact angle 

measurements and thermogravimetric analyses.  

 The presence of structural nitrogen enhances the thermal stability of the 

samples. Graphitic nitrogen is the most stable specie among the structural 

N-containing moieties, namely pyrrolic, pyridinic and graphitic N. The 

thermal stability of the samples can be increased by annealing the N-

containing RGO samples under argon in the range of 500 ˚C-1050 ˚C. The 

post-synthesis treatments induce internal rearrangements leading to the 
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elimination of the aliphatic moieties or to the formation of structural 

groups, mainly N-containing six-membered rings which can interact with 

oxygen atoms to form pyridine N-oxide species.  

II. SYNTHESIS OF CARBON NANOTUBE-INORGANIC NANOSTRUCTURES. 

Synthesis of single-layered inorganic nanotubes within MWCNTs . 

 We have employed MWCNTs as directing agents for the synthesis of CeI3, 

CeCl3 and ZnI2 single-layered inorganic nanotubes. The presence of 

nanorods, nanoparticles and nanosnakes from the employed inorganic 

salts was also observed after treatments. 

 The formation of the ZnI2 inorganic nanostructures grown within the CNTs 

is governed by the temperature. An increase in the temperature of 

synthesis results in the preferential growth of ZnI2 single-layered 

inorganic nanotubes. Treatments at lower temperatures lead to a higher 

degree of other nanostructures (nanorods, nanoparticles and nanosnakes). 

Furthermore, the degree of crystallinity of the host decreases when 

decreasing the temperature of treatment. 

Encapsulation of fullerenes within MWCNTs. 

 We have studied the use of fullerenes as versatile agents, either to isolate 

inorganic materials present in the cavities of MWCNTs, or to promote the 

release of the guest structures.  
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 Fullerenes act as corking agents as long as the cleaning of the filled 

nanotubes is carried out with solvents whose affinity with the C60 

molecules is very low.      

 Fullerenes are useful to trigger the liberation of guest structures from the 

MWCNTs cavities when solvents with high affinity to the C60 molecules are 

employed to promote the release. Decoration of multiwalled carbon 

nanotubes with titanium oxides. 

Decoration of multiwalled carbon nanotubes with titanium oxides. 

 We have employed MWCNTs as directing templates for the synthesis of 

MWCNTs decorated with TiO nanoparticles. A post-synthesis treatment of 

 of self-standing TiO2 like the samples under oxygen induces the formation

nanostructures, free of MWCNTs. 

 An early phase transformation from anatase to rutile TiO2 at 370 ˚ C has 

been observed. It is favored by the presence of oxygen vacancies and 

dopant carbon atoms in the TiONPs-MWCNTs. These structural defects and 

a synergistic effect of both constituent materials might account for the 

enhanced photocatalytic performance achieved when this material was 

employed for the degradation of methyl orange, in comparison with the 

P25 reference. 
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